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Engineer ing Experiment S t a t i o n  i n  p a r t i a l  f u l f i l l m e n t  o f  NASA 
Grant NGR 44-001-106. 
Rynearson t o  t h e  Graduate Co l lege o f  Texas A&M U n i v e r s i t y  i n  
p a r t i a l  f u l f i l l m e n t  o f  t h e  requirements f o r  t h e  degree o f  Master 
o f  Science i n  Aerospace Engineer ing i n  December 1972. 
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enhance t h e  eng ineer ing  a c t i v i t i e s  o f  t h e  Na t iona l  Aeronaut ics 
and Space A d m i n i s t r a t i o n  - Manned Spacecra f t  Center. 
i i i  
ABSTRACT 
Th is  r e p o r t  dea ls  w i t h  t h e  performance c h a r a c t e r i s t i c s  o f  
A rev iew  o f  b a s i c  gun t h e  Texas A&M U n i v e r s i t y  l i g h t - g a s  gun. 
t heo ry  and popu la r  p r e d i c t i o n  methods i s  presented. 
r o u t i n e  based on t h e  s imp le  i s e n t r o p i c  compression method i s  
presented and discussed. 
g i ven  which demonstrate an i nc rease  i n  gun muzzle v e l o c i t y  
from 9,100 f t / s e c .  t o  19,000 f t / s e c .  The da ta  gathered i n -  
d i c a t e d  t h e  Texas A&M l i g h t - g a s  gun more c l o s e l y  resembles an 
" i s e n t r o p i c  compression'' gun r a t h e r  than a "shock compression'' 
gun. 
A computer 
Resu l ts  f rom over 60 t e s t  shots a r e  
Suggestions f o r  f u t u r e  work conclude t h e  r e p o r t .  
. 
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CHAPTER I 
INTRODUCTION 
Since 1945 there has been a considerable amount of research 
concerned w i t h  techniques for launching project i les  t o  h i g h  velo- 
c i t i e s .  
conducted the b u l k  of t h i s  research i n  the hopes of being able t o  
simulate the hypervelocity f l i g h t  of various b a l l i s t i c  missle systems. 
In te res t  i n  high speed guns was again stimulated i n  the 1950's w i t h  
the mergence of the U.  S .  space program and i n  par t icular  concern 
for the possible hazards of meteoroid impact d u r i n g  space missions. 
Typical 
I n  the f i rs t  few years following World War I1 the mi l i t a ry  
The gun emerged as the primary tool i n  th i s  research. 
muzzle veloci t ies  a t  the beginning of t h i s  period were around 
10,000 f t / sec .  As a basic understanding of the internal b a l l i s t i c s  
of guns was obtained the muzzle velocity over a short  number of years 
was dramatically increased t o  over 37,000 f t / sec .  The highest muzzle 
veloci t ies  were obtained using special types of guns whose charac- 
t e r i s t i c s  took advantage of the subt le t ies  of internal b a l l i s t i c  
theory. 
used. 
O f  these the two stage l i g h t - g a s  gun became the most widely 
The two stage light-gas gun u t i l i z e s  a conventional gas pro- 
pelled p is ton  t o  compress a low molecular weight gas, usually 
The c i ta t ions  on the following pages follow the s t y l e  of the - AIAA Journal. 
2 
hydrogen, t o  a h igh  temperature and pressure i n  a pump tube. 
specified pressure a break valve opens allowing the pro jec t i le  t o  
accelerate down the launch tube. Figures ( 1 )  and ( 2 )  i l l u s t r a t e  the 
components of the g u n  and the steps in a typical launch cycle. Many 
factors influence gun performance b u t  these may be grouped in to  two 
main categories. First a re  those dealing w i t h  gun geometry. Pump 
tube diameter, powder chamber volume, and launch tube length are  a l l  
examples of parameters which specify the g u n  geometry. 
category could be called loading conditions. Powder charge, p i s ton  
mass, and i n i t i a l  gas pressure are  good examples. 
new gun or analyzing an existing one these factors must be taken 
into account. 
A t  a 
The second 
In designing a 
During the past year Texas A&M University has ins ta l led  a small 
scale two stage light-gas gun a t  the TEES Hypervelocity Laboratory. 
The gun was obtained from the Manned Spacecraft Center i n  Houston, 
Texas where i t  was used fo r  meteoroid impact studies. 
very l i t t l e  documentation o r  performance da ta  accompanied the gun 
components t o  Texas A&M. 
character is t ics  o f  the gun and t o  document the entire gun system. 
Since the g u n ' s  geometry was basically fixed, the loading conditions 
became of primary concern i n  regard t o  performance. 
Unfortunately 
A need arose t o  es tabl ish the performance 
This paper deals w i t h  the performance character is t ics  of Texas 
A&M's light-gas gun  f a c i l i t y .  
light-gas guns and their development i s  given f i r s t .  
volume of work conducted i n  this area t h i s  survey is  limited t o  
A review of the l i t e r a t u r e  concerning 
Due t o  the 
3 
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Figure I Schematic of Light Gas Gun 
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Figure 2 Gun Launch Cycle 
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i n f o r m a t i o n  which was read l y  a v a i l a h l e  and n e r t i n e n t  t o  t h e  Der for -  
mance study.  4 d i s c u s s i o n  o f  t h e  imyor tan t  t h e o r e t i c a l  concepts f o r  
l i g h t - g a s  quns i s  i n c l u d e d  as presented i n  t h e  l i t e r a t u r e .  The main 
emphasis here i s  t o  p o i n t  o u t  those f a c t s  which d i r e c t l y  i n f l u e n c e  
t h e  cho ice  o f  l o a d i n g  parameters r a t h e r  than a c o m l e t e  t h e o r e t i c a l  
develo7ment f o r  l i o h t - g a s  guns which can be found i n  Siecrel 
number o f  re fe rences .  A d i scuss ion  o f  p rev ious  paraqnetric s t u d i e s  
concludes t h e  1 i t e r a t u r e  survey.  An exg lana t ion  o f  t h e  t h e o r e t i c a l  
bas i s  o f  t h e  computer code used i n  t h i s  s tudy  i s  p resented  a lonq w i t h  
i t s  l i m i t a t i o n s .  The exper imenta l  program i s  descr ibed n e x t  w i t h  a 
d e s c r i p t i o n  of t h e  equipment used and r e s u l t s  f rom ove r  60 t e s t  
f i r i n g s .  The f i n a l  p o r t i o n  o f  t he  t h e s i s  a t temots t o  r e c o n c i l e  
exper imenta l  obse rva t i on  w i t h  t h e o r e t i c a l  p r e d i c t i o n s  and rccommen- 
da t i ons  f o r  f u t u r e  work a r e  made. 
1 o r  a 
5 
CHAPTER 11 
LITERATURE SURVEY 
2.1 E a r l y  Development 
The f i r s t  l i g h t - g a s  gun was developed by C r o z i e r  and Hume i n  
1946 a t  t h e  New Mexico School o f  Mines . Hydrogen was compressed 
by  a s i n g l e  s t r o k e  p i s t o n  d r i v e n  by a gunpowder p r o p e l l a n t .  
t ime  i t  was f e l t  t h a t  t h e  compression r a t i o  r e q u i r e d  by a p i s t o n -  
d r i v e n  gun would make t h e  pump tube i m p r a c t i c a l l y  l a r g e  f o r  a b a r r e l  
d iameter g r e a t e r  than 20 mn. For t h i s  reason a number o f  years 
passed before f u r t h e r  l i g h t - g a s  gun development was attempted. 
Dur ing t h i s  t ime  v a r i o u s  o t h e r  techniques were exp lo red  t o  heat  and 
compress the  d r i v e r  gas. Among these were va r ious  improved combus- 
t i o n  processes which u t i l i z e d  s t o i c h i o m e t r i c  m ix tu res  o f  oxygen and 
hydrogen burned i n  an i n e r t  he l ium d r i v e r  gas. 
d ischarge techniques were developed. 
a r e p o r t  which sumnarizes v a r i o u s  d r i v e r  techniques i n c l u d i n g  t h e  
piston-compression process. 
2 
A t  t h a t  
A l so  v a r i o u s  e l e c t r i c  
Somewhat l a t e r ,  Glass3 authored 
L igh t -gas  gun work was r e v i v e d  i n  1955 by Charters4 a t  t h e  NASA- 
Ames Research Center. A smal l  l i g h t - g a s  gun u t i l i z i n g  p i s t o n -  
compressed hydrogen was b u i l t .  T h e o r e t i c a l  c a l c u l a t i o n s  had shown 
t h a t  a h i g h  speed gun o f  p r a c t i c a l  dimensions and capable o f  launch ing  
aerodynamic models a t  v e l o c i t i e s  i n  excess o f  20,000 f t / s e c ,  cou ld  
be developed, Dur ing  t h i s  research, Char te rs  a l s o  developed a s imp le  
6 
way t o  analyze t h e  gun c y c l e .  This  p a r t i c u l a r  method and o t h e r s  w i l l  
be discussed l a t e r .  Concurrent w i t h  t h e  work a t  Ames, a second t v p e  
of l i g h t - g a s  gun was developed a t  t h e  U. S. Naval Ordnance Labora- 
t o r y  under t h e  d i r e c t i o n  o f  Z. I .  Slawsky. The r e s u l t s  o f  these 
e a r l y  gun s t u d i e s  showed t h e  l i g h t - q a s  gun t o  be a p r a c t i c a l  t e c h n i -  
que f o r  launch ing  h i g h  speed aerodynamic models. As a r e s u l t ,  
var ious  l a b o r a t o r i e s  i n  t h e  U n i t e d  States,  Canada, and Enqland beqan 
improv ing l i q h t - g a s  gun technology.  The l i g h t - q a s  gun has s i n c e  
become an i n v a l u a b l e  t o o l  t o  generate f l i g h t  speeds up t o  11 Kmlsec. 2 
2.2 Basic  Gun Theory 
Var ious re fe rences  1 ' 2 y 3  g i v e  a complete development o f  t h e  i n -  
t e r n a l  b a l l i s t i c s  o f  h i g h  speed guns, b u t  a b r i e f  o u t l i n e  o f  t h e  
more i m p o r t a n t  p o i n t s  w i l l  be g i v e n  here.  
f e e l  f o r  those f a c t o r s  which i n f l u e n c e  p r o j e c t i l e  v e l o c i t y  i s  t o  
cons ider  a s imp le  gun model. 
The e a s i e s t  way t o  g e t  a 
F i q u r e  3 g ives  t h e  a n a l y s i s  o f f e r r e d  
b y  S i e g e l .  ' 
upon which p r o j e c t i l e  v e l o c i t y  denends: 
The f o l l o w i n g  express ion  i n d i c a t e s  t h e  e s s e n t i a l  f a c t o r s  
"pro j = d 2  $ AL/Y 
where 6 i s  t h e  average p r o j e c t i l e  base pressure.  
p r o j e c t i l e  v e l o c i t y ,  t h e  terms under t h e  square r o o t  must be chanqed 
a c c o r d i n g l y .  W i t h i n  t h e  l i m i t a t i o n s  of a f i x e d  9un geometry the  
q u a n t i t i e s  F and M a r e  t h e  o n l y  terms which are  n o t  s p e c i f i e d .  
suming a p a r t i c u l a r  p r o j e c t i l e  mass i s  chosen, p becomes t h e  sole  
I n  o r d e r  t o  inc rease 
As-  
7 
NEWTON 'S L A W ,  
Integrating, ( I ) ,  
L 
-- A Pp d X p  
0 
M U L -  2 s 
where, u =  Projectile Muzzle 
2) 
Velocity 
Introduce -p, the Spatial Average Propelling F I essure defined 
as, 
L 
- I  f -  . -  
P = t  J pp d X p  
0 
Substituting (3) into (2) yields, 
Figure 3: Simple Gun Model with Sample Calculation 
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q u a n t i t y  c o n t r o l l i n g  t h e  p r o j e c t i l e  ve1ocit.y. 
crease gun v e l o c i t y  i s  then a search f o r  a method t o  maximize i .  
Any e f f o r t s  t o  i n - .  
I t  can be shown t h a t  i s  maximized by producing a cons tan t  
1 base pressure on t h e  p r o j e c t i l e .  From a p r a c t i c a l  p o i n t  o f  vietw 
t h i s  i s  very  d i f f i c u l t  t o  o b t a i n .  By a n a l y z i n g  a s imp le  launcher  
c o n s i s t i n g  o f  a r e s e r v o i r  and launch tube o f  t h e  same d iameter ,  and 
by assuming t h e  expansion i s  nonsteady, one-dimensional, i s e n t r o p i c  
f l o w ,  t h e  f o l l o w i n g  i m p o r t a n t  r e l a t i o n s h i p  can be obtained':  
dp =-pa du ( 2 )  
which s t a t e s  t h e  change of pressure w i t h  v e l o c i t y  i s  dependent upon 
pa, termed t h e  " a c o u s t i c  impedance" o f  t h e  p r o p e l l a n t  gas. I n  o r d e r  
t o  o b t a i n  a h i g h  increment i n  v e l o c i t y  r e q u i r e s  a low a c o u s t i c  impe- 
dance. T h i s  b a s i c a l l y  c o n t r o l s  t h e  s e l e c t i o n  o f  the  p r o p e l l a n t  aas.  
It should a l s o  be mentioned t h a t ,  except  i n  t h e  u n r e a l i s t i c  case i n  
which pa i s  zero,  an inc rease i n  p r o j e c t i l e  v e l o c i t y  n e c c e s i t a t e s  a 
corresponding decrease i n  base pressure.  
An express ion  f o r  t h e  a c o u s t i c  impedance i n  terms o f  t h e  r e s e r -  
v o i r  c o n d i t i o n s  can be ob ta ined f rom the  f o l l o w i n g  r e l a t i o n s ' :  
' T  2 '  a = Y M . W .  
[thermal l y  p e r f e c t  qas 1 
1 [thermal 1 y p e r f e c t  gas 
- P  - and 
( r -1 )1 / '  a - P  
ar p r  P r  
9 
S u b s t i t u t i o n  i n  ( 2 )  y i e l d s :  
r -  1 r- i 
Assuming a g iven r e s e r v o i r  p ressure  and a f i x e d  pressure  r a t i o ,  i t  
can be no ted  t h a t  an inc rease i n  r e s e r v o i r  temperature o r  a r e d u c t i o n  
i n  y w i l l  i n c r e a s e  t h e  v e l o c i t y  g a i n  f o r  a g iven pressure  l o s s .  Due 
t o  t h e  l i m i t e d  range y may vary ,  t h e  i n i t i a l  temperature becomes t h e  
i m p o r t a n t  q u a n t i t y .  
c u l a r  we igh t  w i l l  produce a l a r g e r  v e l o c i t y  ga in .  Th is  i s  e n t i r e l y  
l o g i c a l  i f  one cons iders  t h e  f a c t  t h a t  a p o r t i o n  o f  t h e  p r o p e l l a n t  
It can a l s o  be seen t h a t  a decrease i n  gas mole- 
gas must be a c c e l e r a t e d  t o  t h e  p r o j e c t i l e  v e l o c i t y .  
mo lecu la r  we igh t ,  t h e  more energy r e q u i r e d  t o  a c c e l e r a t e  t h e  qas and 
The h i q h e r  t h e  
t h e  l e s s  energy a v a i l a b l e  t o  a c c e l e r a t e  t h e  p r o j e c t i l e .  
reason a low molecu la r  we igh t  gas such as  he l ium o r  hydrogen i s  the  
For t h i s  
b e s t  cho ice  f o r  a p r o p e l l a n t  gas. 
One o t h e r  i m p o r t a n t  r e s u l t  can be ob ta ined by examining t h e  
c h a r a c t e r i s t i c  equat ions as they  app ly  here.  I t  can be shown, t h a t ,  
where ar i s  t h e  speed o f  sound i n  t h e  r e s e r v o i r .  
c i t y ,  u, i s  much l e s s  than t h e  speed o f  sound i n  t h e  r e s e r v o i r  t h e  
pressure r a t i o ,  p/pr, w i l l  be smal l .  
p r o p e l l a n t  c h a r a c t e r i s t i c  i s  t h a t  i t  have a h i g h  speed o f  sound. 
Again f rom a l o g i c a l  p o i n t  o f  view, t h i s  s imp ly  means t h a t  a gas w i t h  
I f  t h e  f low ve lo -  
There fore  another  d e s i r a b l e  
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a h i g h  i n i t i a l  speed o f  sound can b e t t e r  t r a n s m i t  pressure increases 
t o  t h e  p r o j e c t i l e  base. 
Var ious o t h e r  i m p o r t a n t  conc lus ions which deal  w i t h  i n f i n i t e  
versus f i n i t e  l e n g t h  r e s e r v o i r s ,  chambrage and o t h e r  g e o m e t r i c a l l y  
r e l a t e d  v a r i a b l e s  can be noted.  However s i n c e  t h i s  paper u l t i m a t e l y  
considers a f i x e d  gun geometry, t h e  e f f e c t  o f  these o t h e r  f a c t o r s  
w i l l  be o m i t t e d  i n  t h i s  d iscuss ion .  
2.3 The Two Stage Light-Gas Gun 
Even though t h e  p o i n t s  made so f a r  have been based on s imple 
models and theory ,  they  may be q u a l i t a t i v e l y  c a r r i e d  over  t o  t h e  
h i g h l y  complex two-stage gun. The piston-compressed hydrogen o r  
he l ium can be thought  o f  as t h e  r e s e r v o i r  mentioned above. Thus t h e  
two-stage gun can SF! considered a s  a s imple gun i n  which t h e  i n i t i a l  
r e s e r v o i  r condi  t i  ons vary.  
How these r e s e r v o i r  c o n d i t i o n s  should be v a r i e d  has been a 
Berggren and Reynolds clroup 2 p o i n t  of some debate i n  t h e  pas t .  
p iston-compression l i g h t - g a s  guns i n t o  two main types accord ing  t o  
t h e  manner i n  which t h e  p r o p e l l a n t  gas i s  compressed and heated. 
one t y p e  t h e  p i s t o n  v e l o c i t y  i s  l e s s  than o r  on t h e  o r d e r  o f  t h e  speed 
of sound i n  t h e  p r o p e l l a n t  gas. 
compression. 
than t h e  p r o p e l l a n t  speed of sound producing s t r o n g  shock waves which 
t r a v e r s e  t h e  p r o p e l l a n t  gas, compressing and h e a t i n g  i t . 
i s  c a l l e d  a shock-compression gun. 
I n  
T h i s  y i e l d s  a n e a r l y  i s e n t r o p i c  
I n  the  o t h e r  type  t h e  p i s t o n  v e l o c i t y  i s  much g r e a t e r  
This  type 
The m a j o r i t y  o f  l a b o r a t o r y  quns 
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a re  h y b r i d s  o f  each type;  t h e  type o f  c y c l e  be ing  d i c t a t e d  b y  the  
combinat ion o f  l o a d i n g  parameters chosen. 
c lass  a p a r t i c u l a r  gun i n  one o f  these two groups i n  o r d e r  t o  choose 
an approp r ia te  model f o r  t h e o r e t i c a l  c a l c u l a t i o n s .  
I t  becomes necessary t o  
2.4 T h e o r e t i c a l  P r e d i c t i o n  Methods 
As w i t h  t h e  guns themselves t h e  methods f o r  a n a l y z i n g  them can 
be c l a s s i f i e d  b y  t h e i r  assumptions and r e s u l t i n g  complex i ty .  
p a r a t i v e  s tudy  was conducted a t  t he  B a l l i s t i c  Research Labora tory  
(BRL) by  Baer and Smith . Four p a r t i c u l a r  mathematical models have 
predominated i n  gun research, and these were the  ones chosen b y  BRL 
f o r  comparison. 
p l  e x i  t y  , 
A com- 
5 
They are,  l i s t e d  i n  t h e  o r d e r  o f  i n c r e a s i n g  com- 
(1 ) Char te rs  I Method 
(2)  Simple I s e n t r o p i c  Compression Method 
(3)  Richtmyer-Von Neuman "q" Method 
(4)  Method of C h a r a c t e r i s t i c s .  
A comparison o f  t he  v a r i o u s  assumptions used i n  each t h e o r y  i s  g i ven  
i n  Table I (taken from r e f e r e n c e  5 ) .  
The s i m p l e s t  model, f i r s t  developed by  Char te rs4  a t  NASA-Ames, 
c o n s i s t s  o f  a s e t  o f  s imultaneous a l g e b r a i c  equat ions  which may be 
so l ved  u s i n g  a desk computer. The p r e d i c t e d  v e l o c i t i e s  agree w e l l  
w i t h  exper imenta l  r e s u l t s  a t  low l e v e l s  o f  performance, b u t  d e v i a t e  
s i g n i f i c a n t l y  i n  performance regimes o f  t h e  most i n t e r e s t .  
The s imp le  i s e n t r o p i c  compression method i n v o l v e s  a s e t  of 
12 
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simultaneous, ordinary nonlinear d i f fe ren t ia l  equations w i t h  time as 
the independent variable. The method i s  described in detai l  in a s u b -  
sequent report by Baer and  Smith . 
t h i s  paper i s  essent ia l ly  the same as the simple isentropic compres- 
sion method with the derivation of the f i n i t e  difference equations 
being s l igh t ly  d i f fe ren t .  
for  t h i s  report will follow the l i t e r a tu re  survey. 
6 The method eventually used f o r  
A complete description of  the theorv used 
Perhaps the most widely used technique i s  the Richtmyer-Von 
Neuman "q"  method. 
ordinary d i f fe ren t ia l  equations and partial  d i f fe ren t ia l  equations of 
the hyperbolic type are  solved. 
dinate are  the independent variables. The primary advantaae of t h i s  
model i s  t h a t  shock waves are  accounted f o r  in the pressure-time his- 
tory of the pump tube. 
be found in references 6 o r  7 .  
In  t h i s  method a s e t  of simultaneous nonlinear 
Time a n d  Lagrangian  par t ic le  coor- 
A detailed description of th i s  technique can 
The l a s t  and  most complicated method i s  a charac te r i s t ic  ?nalv- 
s i s .  
obtained with the use of a third characteri s t i c  di rec t i  on representi n q  
par t ic le  paths along which the entropy i s  constant. Although th i s  
method has been used successfully for  a great number of other f uid 
dynamic problems, computer storaqe 1 imitations and exceedinqly onq 
computation times have prevented detailed q u n  analysis based on th i s  
method . 
\!hen strorlq shocks must he cocsidered, solutions can onlv be 
An important consideration and one which played a Dart  in the 
choice of the method t o  be used fo r  t h i s  paper i s  the required 
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computat ion t i m e  f o r  each method. 
which does n o t  r e q u i r e  t h e  use o f  a computer t o  the  method o f  charac- 
t e r i  s t i  cs which can exceed t h e  capabi 1 i t i e s  o f  many computer sys tems. 
The "q" method i s  w i t h i n  t h e  c a p a b i l i t y  o f  most machines, b u t  r e q u i r e s  
a good deal  more computing t ime than t h e  s imp le  i s e n t r o p i c  compression 
method. Dur ing t h i s  s tudy ,  a program based on t h e  s imple i s e n t r o p i c  
compression method took l e s s  than 1 minute o f  computing t i m e  on an 
I B M  360/65 computer system. 
t i o n s ,  t h i s  method i s  l i m i t e d  t o  gun cyc les  which a r e  c h a r a c t e r i z e d  
by low p i s t o n  v e l o c i t i e s .  Reference 6 g i v e s  an e x c e l l e n t  comparison 
of the  Richtmyer-Von Neuman method versus t h e  I s e n t r o p i c  Compression 
model. 
i s  adequate f o r  gun c y c l e s  which do n o t  v i o l a t e  t h e  b a s i c  assuniptions 
o f  t h e  t h e o r y  w h i l e  t h e  " q "  method gave good r e s u l t s  f o r  a l l  aun 
cyc les .  
T h i s  v a r i e s  f rom Char ters  Method 
However, i n  o r d e r  t o  s a t i s f y  the  assunm- 
The b a s i c  conc lus ion  was t h a t  t h e  i s e n t r o p i c  compression model 
2.5 Prev ious Parametr ic  Studies 
A number of l a b o r a t o r i e s  around t h e  count ry  have conducted and 
8,9,10 In pub l i shed r e s u l t s  o f  paramet r ic  s t u d i e s  o f  l i q h t - g a s  guns. 
many cases t h e  r e s u l t s  a r e  l i m i t e d ,  i n  a q u a n t i t a t i v e ' s e n s e ,  t o  o n l y  
those guns operated by t h e  p a r t i c u l a r  l a b o r a t o r y .  O f  g r e a t e r  i n t e r e s t  
t o  t h i s  r e p o r t  i s  t h e  q u a l i t a t i v e  observa t ions  coming o u t  o f  these 
paramet r ic  s t u d i e s .  S ince t h e  two-stage c y c l e  dea ls  w i t h  t h e  i n t e r -  
a c t i o n  of a l a r g e  number o f  v a r i a b l e s  t h e  o n l v  p r a c t i c a l  method f o r  
conduct ing a paramet r ic  s t u d y  i s  t o  develop a computer r o u t i n e  capable 
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o f  a c c u r a t e l y  p r e d i c t i n q  gun performance. 
s ions  of a p a r t i c u l a r  s tudy,  t h e  computer method used (See Sect ion  
2.4) and t h e  assumptions made f o r  t h a t  method should be considered 
f i r s t .  
I n  assessing t h e  conclu-  
The f i r s t  s tep  i n  any paramet r ic  s tudy i s  t o  i d e n t i f y  t h e  
parameters o f  i n t e r e s t .  As mentioned i n  the  i n t r o d u c t i o n ,  these may 
be c l a s s i f i e d  i n t o  two qroups: 
c o n d i t i o n s .  Again the d i s c u s s i o n  w i l l  be l i m i t e d  t o  r e s u l t s  ob ta ined 
by v a r y i n g  o n l y  t h e  l o a d i n g  c o n d i t i o n s .  
compri se t h e  v a r i a b l e s  o f  i n t e r e s  t: 
qeometr ic v a r i a b l e s  and l o a d i n g  
The f o l l o w i n q  Darameters 
( 1 )  I n i t i a l  gas c o n d i t i o n s  
( 2 )  
( 3 )  Model r e l e a s e  pressure 
( 4 )  P i s t o n  mass 
The e f f e c t  o f  v a r y i n g  each i s  d iscussed i n  C o l l i n s ,  Char ters ,  
P i s t o n  v e l o c i t y  ( o r  powder charge) 
8 Chr istmar,  and Sangster 
Reynolds . Each o f  these r e p o r t s  u t i l i z e  t h e  Richtmyer-Von Meuman 
"9" method, which i s  recognized as t h e  most accura te  computer s o l u -  
t i o n  t o  t h e  gun problem. 
and i n  a more r e c e n t  summary by Berggren and 
2 
I n i  t i  a1 Gas Condi t i  ons 
Once a p a r t i c u l a r  p r o p e l l a n t  qas i s  chosen the  molecu la r  we iqh t  
and t h e  r a t i o  o f  s D e c i f i c  heats ,  y, a r e  s p e c i f i e d .  
ab les  remain which may be a d j u s t e d :  
t u r e .  
Only two qas v a r i -  
t h e  mass and t h e  i n i t i a l  tempera- 
The mass o f  gas i s  d i r e c t l y  r e l a t e d  t o  t h e  i n i t i a l  pressure,  
16 
'io the  l a t t e r  parariieter becomes t h e  v a r i a b l e  o f  p r a c t i c a l  i n k r e s t .  
Reference 2 considers a s imp le  i s e n t r o p i c  compression i n  a con- 
s t a n t  d iameter  closed-end pump tube and develops t h e  f o l l o w i n g  
1 / v  . .  
d t  V ( 5 )  
where Vr i s  t h e  i n i t i a l  r e s e r v o i r  volume and U i s  t h e  p i s t o n  ve lo -  
c i t y .  Equat ion ( 5 )  i s  a t  l e a s t  i n d i c a t i v e  o f  t h e  r a t e  o f  chanqe o f  
0 
pressure i n  t h e  i n i t i a l  phases o f  t h e  gun c y c l e  when p r o j e c t i l e  
mot ion 
w i l l  be 
A 
pumping 
s smal l .  
r e f e r r e d  t o  as t h e  "pumping r a t e " .  
The pressure g r a d i e n t  represented by equat ion  ( 5 )  
ower i n i t i a l  pump tube pressure,  p , w i l l  r e s u l t  i n  a h i s h e r  
r a t e  assuming t h e  p i s t o n  v e l o c i t y ,  U, and t h e  pump tube 
r O  
pressure,  p, a r e  considered t o  have p a r t i c u l a r  values. 
pressure r i s e  i s  a l s o  a f u n c t i o n  o f  p, r i s i n g  more r a p i d l y  as  t h e  
pressure  l e v e l  increases.  Assuming t h e  p r o j e c t i l e  i s  re leased a t  a 
The r a t e  of 
p a r t i c u l a r  pump tube pressure,  an inc rease i n  t h e  r a t e  o f  pressure 
r i s e  w i l l  cause t h e  p r o j e c t i l e  t o  b e g i n  i t s  mot ion  e a r l i e r  i n  t h e  
launch c y c l e ,  w e l l  b e f o r e  t h e  p i s t o n  has come t o  r e s t  i n  t h e  t r a n -  
s i t i o n  s e c t i o n  ( r e f e r  t o  F i g u r e  2 ) .  
press t h e  l i g h t  gas, t h e  pressure  f e l t  by t h e  p r o j e c t i l e  i s  sus ta ined 
As t h e  p i s t o n  cont inues  t o  com- 
a t  a h i g h e r  average va lue  which r e s u l t s  i n  a h i g h  muzzle v e l o c i t y .  
It m i g h t  appear t h a t  an easy way t o  achieve h i q h  muzzle v e l o c i t i e s  
would be t o  assure t h e  i n i t i a l  pump tube pressure  o f  t h e  l i a h t  aas 
i s  low. However, a p r a c t i c a l  l i m i t  e x i s t s  below which t h e r e  i s  n o t  
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a s u f f i c i e n t  q u a n t i t y  o f  gas t o  m a i n t a i n  s u b s t a n t i a l  base pressures 
f o r  extended d is tances  o f  p r o j e c t i l e  t r a v e l .  
According t o  equat ion  ( 3 ) ,  an increase i n  r e s e r v o i r  i n i t i a l  tem- 
pe ra tu re  should p rov ide  a marked inc rease  i n  muzzle v e l o c i t y  by 
r a i s i n g  t h e  f i n a l  r e s e r v o i r  temperature.  A r e p o r t  by Stephenson and 
Anderson” showed t h a t  by  i nc reas ing  the  i n i t i a l  pump tube tempera- 
t u r e  from 300°1< t o  600°K an inc rease i n  muzzle v e l o c i t y  of  3,000 
f t / s e c  cou ld  be expected. 
P i s  ton  Vel o c i  t y  
The p i s t o n  v e l o c i t y  has a s t r o n g  i n f l u e n c e  on the  p r o j e c t i l e  
base pressure h i s t o r y .  Durincl e a r l v  p o r t i o n s  of  t h e  Dump c y c l e  the  
pumping r a t e  i s  a d i r e c t  f u n c t i o n  o f  t h e  p i s t o n  veloci t ! /  (See eclua- 
t i o n  5 ) .  By proper  s e l e c t i o n  of  t h e  p r o p e l l a n t  charge, t h e  i n i t i a l  
r a t e  a t  which pump tube pressures r i s e  a t  t he  onset  o f  p r o j e c t i l e  
mot ion may be c o n t r o l l e d .  L ikewise,  by choosing t h e  proper  p i s t o n  
mass, t h e  d e c e l e r a t i o n  o f  t h e  p i s t o n ,  and thus t h e  decrease i n  pump 
tube pressure,  can be c o n t r o l l e d .  
v e l o c i t i e s  t h e  pump tube pressure  must change i n  a s p e c i f i c  manner. 
Thus a matching process between parameters i n f l u e n c i n q  pressure i n -  
creases o r  decreases must take  p lace  t o  achieve optimum performance. 
To o b t a i n  maximum p r o j e c t i l e  
Reference 2 shows, however, t h a t  a match ,yie 
base pressure cannot be ob ta ined.  
The cho ice  o f  how t h e  p i s t o n  v e l o c i t y  w 
cho ice  o f  whether t h e  compression process w i  
d i n q  cons tan t  p r o j e c t i l e  
11 vary  i s  b a s i c a l l y  a 
1 be a shock compression 
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o r  an i s e n t r o p i c  compression process. A t  h i q h  p i s t o n  v e l o c i t i e s  t h e  
process i s  e s s e n t i a l l y  a shock compression w h i l e  a t  low v e l o c i t i e s  
t h e  process becomes more l i k e  a s imp le  i s e n t r o p i c  compression. 
P r o j e c t i l e  Release Pressure 
The importance o f  p r o j e c t i l e  r e l e a s e  pressure becomes e v i d e n t  
when c o n s i d e r i n g  t h e  t i m i n g  o f  a p a r t i c u l a r  gun c y c l e .  I t  i s  u s u a l l y  
d e s i r a b l e  t o  r e l e a s e  t h e  p r o j e c t i l e  a t  a p a r t i c u l a r  p o i n t  i n  t h e  com- 
press ion  cyc le .  The compression c y c l e ,  however, i s  c h a r a c t e r i z e d  b y  
a s e r i e s  o f  sharp pressure peaks r a t h e r  than a smooth inc rease i n  
pressure.  There fore  a diaphragm o r  break v a l v e  must be chosen so 
t h a t  t h e  p r o j e c t i l e  w i l l  n o t  be re leased Drematurely.  
shown t h a t  cyc les  i n v o l v i n g  h i g h  pump r a t e s  and/or h i g h  mass p r o j e c -  
t i l e s  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  model r e l e a s e  pressure.  T h i s  i s  
due t o  t h e  p r o j e c t i l e  n o t  moving s u f f i c i e n t l y  f a r  i n t o  t h e  launch 
tube t o  s e r i o u s l y  i n f l u e n c e  t h e  pressure  r i s e  i n  t h e  pump tube. 
I t  has been 
P i s t o n  Mass 
Normal ly  t h e  p i s t o n  reaches a cons tan t  v e l o c i t y  before t h e  
p r o j e c t i  1 e i s r e 1  eased. The gunpowder p rope l  l a n t  gas has expanded 
t o  a low pressure and does n o t  add s i g n i f i c a n t l y  t o  t h e  energy o f  t h e  
p i s t o n  once cons tan t  v e l o c i t y  i s  achieved. Therefore t h e  p i s t o n  must 
have s u f f i c i e n t  k i n e t i c  energy t o  compress t h e  l i q h t  gas i n  t h e  
d e s i r e d  manner. One key i n f l u e n c e  i s  t h e  p i s t o n  mass. I f  t o o  l i a h t ,  
t h e  p i s t o n  dece le ra tes  t o o  q u i c k l y ,  thereby reduc inq  t h e  pumpinq r a t e .  
A moderately heavy piston maintains a high pump r a t e  towards the end 
of the launch cycle resul t ing in a high overall base pressure on the 
project i le .  
of energy d u r i n g  acceleration which lowers the p is ton ' s  terminal velo- 
c i t y ,  thereby again reducing the pumping r a t e .  
I f  too  heavy, the piston requires an unreasonable amount 
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CHAPTER I11  
THEORETICAL D I S C U S S I O N  
3.1 General 
I n  a mathematical  sense t h e  muzzle v e l o c i t v ,  Urn, o f  a gun may 
be expressed as, 
Urn = u(a,  b ,  c ,  d, ... ) 
where a, b, c, d, . . . = gun parameters , and 
dum = - - a  au t - -db au + z d c  au t ... 
aa ab 
s t a n t  i t  should be poss 
meter influences muzzle 
For the  two stage 
An obvious method would be t o  perform a 
c u l a r  gun system c a r e f u l l y  h o l d i n g  c e r t a  
v a r y i n g  o t h e r s .  Th is  would be cont inued 
tes ted .  I f  o n l y  two o r  t h r e e  parameters 
To be a b l e  t o  p r e d i c t  t h e  change i n  muzzle v e l o c i t y  due t o  a change 
i n  one o r  more o f  t h e  gun Darameters a va lue f o r  each p a r t i a l  d e r i -  
v a t i v e  would be r e q u i r e d .  By h o l d i n q  a l l  except  one parameter con- 
b l e  t o  determine t o  what deqree t h a t  para-  
v e l o c i t y .  
igh t -qas  qun t h i s  i s  d i f f i c u l t  t o  achieve.  
e r i e s  o f  t e s t s  u s i n g  a p a r t i -  
n parameters cons t a n  t wh i 1 e 
u n t i l  a l l  combinat ions were 
a r e  i n v o l v e d  t h i s  c o u l d  be 
accomplished q u i t e  e a s i l y  b u t  when c o n s i d e r i n q  t h e  e f f e c t  o f  many 
parameters the  p u r e l y  exper imenta l  approach becomes t i m e  consuminq 
and i n e f f i c i e n t .  
21 
For t h i s  reason a l l  paramet r ic  s t u d i e s  found i n  t h e  l i t e r a t u r e  
as w e l l  as t h i s  t h e s i s  r e q u i r e  t h e  use o f  a p r e d i c t i o n  technique 
capable o f  s i m u l a t i n g  gun performance t o  some degree of  accuracy. 
As was mentioned e a r l i e r  the  Richtmyer-Von Neuman " q "  method has 
rece ived widespread acceptance as t h e  most cleneral and accura te  
theory  on which t o  base a p a r t i c u l a r  o p t i m i z a t i o n  s tudy.  
i s e n t r o p i c  compression method w h i l e  l i m i t e d  t o  p r i m a r i l y  i s e n t r o p i c  
compression type  guns (See Sect ion  2 . 3 )  has found use by many l a b o r a -  
t o r i e s  f o r  i n i t i a l  q u a l i t a t i v e  s t u d i e s .  The computat ional  economy 
The s imu le  
of t h e  s imple i s e n t r o p i c  method i s  an e s s e n t i a l  f e a t u r e .  Th is  
method was chosen f o r  use i n  t h i s  s tudv  f o r  b o t h  economy and sim- 
p l i c i t y  a t  t h e  s a c r i f i c e  o f  some degree o f  accuracy. 
3 . 2  The O.K. Gun Code 
Rather than develop an o r i g i n a l  program i t  was dec ided t o  t a i l o r  
a program w r i t t e n  by O t t o  K. Heiney, AFATL, t o  t h i s  problem. The 
s o l u t i o n  i s  based on t h e  simPle i s e n t r o p i c  compression method i n  
which t h e  equat ions o f  mot ion o f  t h e  p r o j e c t i l e  and p i s t o n  a lonq w i t h  
s imp le  gas r e l a t i o n s h i p s  are  used t o  s o l v e  f o r  v a r i a b l e s  assumed t o  
be f u n c t i o n s  of t i m e  o n l v .  The assumptions used i n c l u d e :  
( 1 )  The p r o p e l l a n t  gases a r e  i d e a l  gases w i t h  cons tan t  
s p e c i f i c  heat  r a t i o s  ( p r o v i s i o n  i s  made i n  t h e  proclram 
f o r  us ing  t h e  Noble-Abel 'lcovolume" equat ion  of s t a t e  
i f  d e s i r e d )  
( 2 )  F r i c t i o n a l  e f f e c t s  a r e  n e g l i g i b l e  
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( 3 )  A p e r f e c t  vacuum e x i s t s  ahead o f  t he  p r o j e c t i l e  
( 4 )  The k i n e t i c  energy of t h e  p r o p e l l i n q  gas may be rep re -  
sented b y  some f r a c t i o n  o f  t h a t  gas moving a t  t h e  p i s t o n  
o r  p r o j e c t i l e  v e l o c i t y .  
An i s e n t r o p i c  compression occurs i n  t h e  pump tube w i t h  
some hea t  l o s s  be ing  a l lowed and considered p r o p o r t i o n a l  
t o  t h e  square o f  t h e  p r o j e c t i l e  v e l o c i t v .  
The bu rn ing  behav io r  o f  t h e  gunDowder p r o p e l l a n t  i s  
assumed t o  be adequate ly  descr ibed b v  V i e l l e ' s  model. 
( 5 )  
( 6 )  
F igu re  ( 4 )  i l l u s t r a t e s  t h e  computer program l o g i c .  A f t e r  
d e f i n i n g  and i n i t i a l i z i n g  t h e  va r ious  program v a r i a b l e s ,  t h e  com- 
p u t e r  e n t e r s  a t ime l o o p  which c a l c u l a t e s  such q u a n t i t i e s  as ve lo -  
c i t i e s ,  temperatures, and pressures f o r  success t i ve  t ime  steps u n t i l  
t h e  p r o j e c t i l e  e x i t s  t he  b a r r e l .  Th i s  l oop  inc ludes  s teps 3 th rouqh 
10 i n  F iqu re  ( 4 ) .  
are  n o t  a l lowed t o  a c c e l e r a t e  t o  a v e l o c i t y  which would cause i n -  
s t a b i l i t y  i n  t h e  f i n i t e  d i f f e r e n c e  fo rm o f  t h e  equat ions ,  an i t e r a -  
t i v e  t ime  increment  l o o p  i s  nes ted  w i t h i n  t h e  r o u t i n e  ( l a b e l e d  as 
s teps  6a through 6e i n  F i g u r e  ( 4 ) ) .  
updated from one t i m e  p lane t o  t h e  n e x t  th rough t h e  use o f  express ions 
f o r  t h e  r a t e  of change o f  p ressure  and temperature i n  bo th  t h e  powder 
gas and l i g h t  gas. 
suppor t i ng  theo ry  f o r  t h e  program w i l l  be discussed. 
I n  o r d e r  t o  i n s u r e  t h a t  t h e  p i s t o n  o r  p r o j e c t i l e  
Pressures and temperatures a r e  
I n  t h e  f o l l o w i n g  s e c t i o n ,  these r a t e s  and t h e  
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3.3 Program Theory 
The approach t o  the b a l l i s t i c  problem by 0. K. Heiney i s  
essent ia l ly  an energy balance where the enerqv p u t  in to  the system 
i s  equated t o  the energy l o s t  by the system. Figure ( 5 )  i l l u s t r a t e s  
the two-stage gun  w i t h  two energy balance systems outlined. The gun  
is  divided in to  two systems; system "A" consists of the powder 
charge, powder gas, and piston while system "B"  consists o f  the liclht 
gas and pro jec t i le .  The work of the piston on system B i s  accounted 
for  by changes i n  the internal energy of the system. 
compression i s  assumed as the volume of system B i s  decreased due to  
piston motion. This compression resu l t s  i n  a n  increase i n  tempera- 
ture  thus increasing the internal energy. 
An isentropic 
The approach t o  each energy system i s  basically the same. 
ra ther  than present an analysis of both, only system B will  be 
analyzed (Reference 11 presents an analysis appl i cab1 e t o  sys ten1 A ) .  
The following energy terms may be defined: 
T h u s ,  
E l  = the change i n  internal energy of the l i g h t  gas due t o  
compression by the p i  s ton 
E p  = the kinetic energy o f  the pro jec t i le  
E 3  = the heat loss t o  wall 
E 4  = energy to  accelerate a portion o f  the l i a h t  gas t o  the 
pro jec t i le  velocity.  
Lookinq a t  each term separately,  
E l :  The change i n  internal energy may he written as 
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El = M C, (To  - T f )  
where To = average i n i t i a l  l i g h t  gas temperature 
Tf = average f i n a l  temperature 
M = gas mass 
f rom t h e  Noble-Abel equat ion  of s t a t e ,  
Def ine  , 
Equat ion ( 6 )  becomes, 
MRT pfV' 
0 
= - y-1 - -- y-1 ( 9 )  
Since t h e  program advances i n  t ime, the  i n i t i a l  temperature can be 
taken as t h e  temperature a t  t ime  t w h i l e  t h e  f i n a l  c o n d i t i o n s  a r e  
a t  t + A t .  Therefore,  
1 - -  M R  E = -  
1 y-1 Tt Y-1 "It 4- A t  
E*:  The p r o j e c t i l e  k i n e t i c  energy i s ,  
1 2 E p  = 7 M  u 
where M = p r o j e c t i l e  mass 
u = p r o j e c t i l e  v e l o c i t y  a t  t + A t .  
E3: The hea t  loss i s  assumed p r o p o r t i o n a l  t o  t h e  p r o j e c t i l e  v e l o c i t v  
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squared , 
where ma = psuedo mass d e f i n e d  as t h e  p r o j e c t i l e  mass p l u s  some 
f r a c t i o n  of t h e  l i g h t  gas which must be a c c e l e r a t e d  t o  
t h e  p r o j e c t i l e  v e l o c i t y .  
M 
+ L E  
Ma = M p r o j  6 
E4:  The k i n e t i c  energy o f  the  l i q h t  gas may be represented b v ,  
1 2 E = - M  u 4 2 a  
The p r i m a r y  d i f f i c u l t y  l i e s  i n  choosinq an a p p r o p r i a t e  va lue  
f o r  6 .  The f a c t o r  6 a l l o w s  t h e  t o t a l  k i n e t i c  energy of t h e  l i g h t  
gas t o  be represented  b y  t h e  k i n e t i c  energy o f  a f r a c t i o n  of  t h e  gas 
mass moving a t  t h e  p r o j e c t i l e  v e l o c i t y .  Heiney" summarizes t h e  
c l a s s i c a l  i n t e r i o r  b a l l i s t i c  s o l u t i o n  o f  LaGrange, who notes t h a t  a t  
low p r o j e c t i l e  v e l o c i t i e s  t h e  gas d e n s i t y  can be assumed t o  be 
e s s e n t i a l l y  cons tan t  a long t h e  a x i a l  d i r e c t i o n ,  i e .  
Th is  assumption permi ts  a c losed form s o l u t i o n  f o r  t h e  gas k i n e t i c  
energy and r e s u l t s  i n  6 = 3. I n  o t h e r  words, t h e  energy i n  t h e  ac -  
c e l e r a t i n g  gas i s  e q u i v a l e n t  t o  1 /3  o f  the  qas mass t r a v e l i n g  a t  t h e  
p r o j e c t i l e  v e l o c i t y .  T h i s  approx imat ion i s  inaccura te ,  however, a t  
v e l o c i t i e s  where t h e  d e n s i t y  i s  no l o n g e r  un i fo rm.  By assuminq t h a t  
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a l i n e a r  v e l o c i t y  g r a d i e n t  e x i s t s  behind t h e  p r o j e c t i l e  and t h a t  
i s e n t r o p i c  f l o w  r e l a t i o n s  may be used t o  d e s c r i b e  t h e  gas f low, 
Heiney formulated a s o l u t i o n  f o r  6 as a f u n c t i o n  o f  p r o j e c t i l e  v e l o -  
c i t y  i n  which t h e  gas d e n s i t y  i s  a l lowed t o  vary .  For  t h i s  t h e s i s  
an e x t r a p o l a t i o n  o f  Heiney 's  curve  was used t o  o b t a i n  values f o r  R 
corresponding t o  p r o j e c t i l e  v e l o c i t i e s  up t o  30,000 f t / s e c ,  which i s  
w e l l  above t h e  maximum v e l o c i t i e s  p r e d i c t e d  by  t h e  computer r o u t i n e .  
The energy equat ion  may now be w r i t t e n  a s ,  
(15)  4 El = E2 + E3 + E 
s u b s t i t u t i n g  ( l o ) ,  ( l l ) ,  (12) and (14)  i n t o  (15) y i e l d s  
and r e a r r a n g i n g  terms 
Equat ion (16) may be d i f f e r e n t i a t e d  w i t h  r e s p e c t  t o  t i m e  t o  y i e l d ,  
A1 " - A2u - dV ' Note, dt 
where A2 = p r o j e c t i l e  base area 
A1 = p i s t o n  base area 
U = p i s t o n  v e l o c i t y  a t  t + A t  
- P A1U - -+E$-  P A p  dTt 
- V '  V '  V d t t  
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dt t + A t  
A lso if t h e  process i s  i s e n t r o p i c ,  t h e  r a t e  o f  change o f  temperature 
i s  g iven  by :  
Y 't dt t + A t  
By us ing  equat ions (17)  and (18)  a long w i t h  i n i t i a l  c o n d i t i o n s ,  the 
pressure and temperature may be c a l c u l a t e d  f o r  any t i m e  p lane.  
The pressure  and temperature which a r e  computed a r e  "average" 
The base pressure on t h e  p r o j e c t i l e  i s  t h e  q u a n t i t y  which va lues.  
c o n t r o l s  p r o j e c t i l e  mot ion and becomes t h e  d e s i r e d  q u a n t i t y .  
A pressure  r a t i o  based on i s e n t r o p i c  expansion t h e o r y  i s  
where T = average l i g h t  gas temperature.  
Th is  r a t i o  a l l o w s  t h e  base pressure  t o  be c a l c u l a t e d  i n  terms of  
t h e  t o t a l  o r  s t a g n a t i o n  pressure,  po. 
t h e  end o f  t h e  compression c y c l e  when t h e  p r o j e c t i l e  i s  re leased,  
S ince t h e  p i s t o n  i s  a t  o r  near  
steady s t a t e  c o n d i t i o n s  may be assumed. The t o t a l  chamber p ressure  
may be approximated b y  t h e  average pressure  ob ta ined f rom t h e  enerqy 
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balance. There fore  , 
9 YRT y' - 
- A  
and t h e  base pressure may be c a l c u l a t e d  a t  each t i m e  p lane.  
By r e f e r r i n g  back t o  F i g u r e  ( 4 )  i n  Sec t ion  3.2 i t  can be seen 
t h a t  a s t a b i l i t y  c r i t e r i a  was r e q u i r e d  i n  o r d e r  t o  use t h e  equat ions 
i n  t h e  form presented above. The problem was p r i m a r i l y  concerned 
w i t h  l i m i t i n g  t h e  mot ion o f  b o t h  t h e  p i s t o n  and p r o j e c t i l e  so t h e  
pressures would remain p o s i t i v e  and s t a b l e  over  each t ime i n t e r v a l .  
I n  each case an a r b i t r a r y  r e f e r e n c e  d i s t a n c e  was chosen. 
i n t e r v a l  r e q u i r e d  f o r  a pressure d is tu rbance t o  propagate across t h i s  
reference d i s t a n c e  was determined through t h e  use o f  t h e  d is tu rbance 
v e l o c i t y .  That  i s ,  
The t i m e  
- -  " r e f  - = U  + a  
A t  "d is tu rbance qas 
o r  , 
"ref 
"gas + a  
A t  = 
The gas v e l o c i t y ,  U 
b o r d e r i n g  t h e  p r o j e c t i l e  o r  p i s t o n .  
corresponded t o  t h e  p r o j e c t i l e  o r  p i s t o n  v e l o c i t y .  
sound, a, was c a l c u l a t e d  u s i n g  t h e  average temperature o f  t h e  l i g h t  
gas. 
, was taken t o  be t h e  v e l o c i t y  of  t h e  gas 
Therefore t h e  gas v e l o c i t y  
gas 
The speed of  
On each t i m e  p lane t h e  t i m e  increment  was compared t o  t h e  va lue  
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g iven by equat ion  ( 2 0 ) .  I f  too  l a r g e ,  the  increment  would be reduced 
and t h e  computer would r e - c a l c u l a t e  a l l  terms i n f l u e n c e d  b y  t h e  r e -  
duc t ion .  The comparison and r e - c a l c u l a t i o n  would c o n t i n u e  u n t i l  t h e  
t i m e  increment was s m a l l e r  than o r  equal t o  t h e  va lue  g i v e n  i n  equa- 
t i o n  (20) .  
The reference d i s t a n c e  chosen f o r  t h e  " p i s t o n  mot ion"  c r i t e r i a  
approximates t h e  d i s t a n c e  f rom t h e  p i s t o n  f a c e  t o  t h e  end o f  the Dump 
tube (See F i g u r e  ( 6 )  i n  S e c t i o n  3.4). Only as t h e  p i s t o n  nears t h e  
end of  i t s  t r a v e l  i n  t h e  pump tube does t h i s  c r i t e r i a  o v e r r i d e  t h e  
t ime increment  used by t h e  c o m w t e r  program. 
f o r  t h e  " p r o j e c t i l e  mot ion' '  c r i t e r i a  was a r b i t r a r i l y  chosen t o  
correspond t o  t h e  d iameter  o f  t h e  launch tube bore.  
The r e f e r e n c e  d i s t a n c e  
3.4 Gun Model i n g  
F i g u r e  ( 6 )  i l l u s t r a t e s  t h e  manner i n  which t h e  Texas A&M gun 
was modeled f o r  computat ional  purposes. A1 1 dimensions were taken 
from c o n s t r u c t i o n  drawings s u p p l i e d  by NASA. The a c t u a l  powder cham- 
b e r  c o n f i g u r a t i o n  i s  much more complex than t h e  one chosen i n  t h e  
model. I n  r e a l i t y  t h e  powder chamber c o n s i s t s  o f  a tapered h o l e ,  
s i z e d  t o  accept  a .458 magnum c a r t r i d g e ,  opening i n t o  a chamber which 
has a converg ing n o z z l e  t o  t h e  pump tube i n s i d e  d iameter .  The volume 
o f  t h e  chamber was t h e  v a r i a b l e  r e q u i r e d  t o  i n i t i a l i z e  t h e  program. 
An imaginary chamber hav ing  t h e  pump tube d iameter  and a psuedo l e n g t h ,  
L1, was assumed so as t o  have t h e  same volume as t h e  a c t u a l  powder 
chamber. 
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Not shown i n  F i g u r e  ( 6 )  i s  t h e  manner i n  which t h e  powder charge 
was assumed t o  burn.  The r a t e  a t  which gas i s  re leased by a b u r n i n g  
p r o p e l l a n t  can he expressed as ( u s i n g  V i e l l e ' s  f o r m u l a t i o n  ) ,  11 
d N 
2 = r sB p p  d t  
where NB = mass o f  gas re leased 
p = p r o p e l l a n t  d e n s i t y  
P 
As i s  popu lar  i n  t h e  s o l i d  r o c k e t  i n d u s t r y ,  an exponent ia l  b u r n i n g  
r a t e ,  r, was chosen o f  t h e  form: 
r = B P n  
where P = chamber p ressure  
B,n = cons tan ts  
Table I1  g i v e s  t h e  p r o p e r t i e s  f o r  double base, N i t r o  c e l l u l o s e - N i t r o -  
a l y c e r i n  p r o p e l l a n t s  as ob ta ined f rom Sut ton,  Rocket P r o p u l s i o n  
Elements . 
By t a k i n g  r = 0.6 and n = 0.5 t h e  c o n s t a n t  B i n  equat ion  (20) was 
determined. The equat ion  used was, 
1 3  
r = 0.0189 ( P ) O o 5  . 
I n  a d d i t i o n  t h e  p r o p e l l a n t  was assumed t o  be made up of smal l ,  
u n i f o r m l y  shaped d i s k s  w i t h  an average web th ickness ,  w, o f  0.01 
inches.  Assuming n e g l i g i b l e  l o s s  i n  area due t o  b u r n i n g  a long t h e  
c i rcumference,  t h e  t o t a l  b u r n i n g  area f o r  a l l  t h e  d i s k s  w i l l  be 
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where m = t o t a l  mass o f  d i s k s  
w = d i s k  th ickness  
P p 
= d e n s i t y  o f  t h e  p r o p e l l a n t  
With r, SB, and p p  determined, t h e  manner i n  which t h e  p r o p e l l a n t  
burns can be i n c o r p o r a t e d  i n t o  t h e  program. 
TABLE I 1  TYPICAL POWDER CHARACTERISTICS 
Pro p e r  t y  
A d i a b a t i c  Flame Temp. 
Ave. Mo lecu la r  W t .  
S p e c i f i c  Heat R a t i o  
Burn Rate a t  1000 p s i  
S p e c i f i c  Weight (ave.)  
Burn Rate Exponent, n 
3800- 5200' F . 
22-28 
1.21-1.25 
0.6-0.9 in /sec  
0.058 l b / i n 3  
0.1-0.8 
3.5 Program Resul ts  
The r e s u l t s  o f  t h e  computat ion a r e  i l l u s t r a t e d  i n  F i g u r e s  ( 7 )  
through (12)  f o r  some a r b i t r a r y  t e s t  cases. 
i n t e r e s t  were those which c o u l d  e a s i l y  be v a r i e d  through a wide 
range d u r i n g  t h e  subsequent exper imenta l  study. These a r e :  
The parameters of most 
( 1 )  Pump tube pressure 
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( 2 )  Piston mass 
(3 )  Powder charge, and 
( 4 )  Diaphragm burst strength.  
Project i le  mass was held constant. Equation ( 1 )  i n  Section 2 . 2  pre- 
d ic t s  pro jec t i le  velocity t o  be a simple and predictable function of 
p ro jec t i le  mass. 
basically conform to  those offerred in Section 2.5. 
The conclusions which can be drawn from the figures 
An increase i n  muzzle velocity w i t h  decreasing i n i t i a l  pump tube 
pressure i s  i l l u s t r a t ed  i n  Figure ( 7 ) .  Results for two powder charges 
are shown. The curves indicate the same trend as disucssed i n  Section 
2.5. 
which pump tube pressures r i s e .  Higher maximum pressures and tempera- 
tures are predicted i n  the pump t u b e  which, in turn, tend t o  increase 
the average pro jec t i le  base pressure. 
The primary cause of the increase i s  an increase i n  the r a t e  a t  
I t  should be noted t h a t  these computations were intended t o  be 
qua l i ta t ive  i n  nature and not quantitative predictions of actual g u n  
performance. 
much l e s s  important  compared w i t h  the trends they indicate.  
(8) provides a good example. 
shown t o  increase rapidly and then tend to level o f f  a t  values above 
4 or 5 grams. 
verified th i s  trend i n  actual gun data. 
The assumptions and  simplifications make the numbers 
Figure 
Here the influence of  piston mass i s  
The experimental program, t o  be discussed next, 
The influence of powder charge and diaphragm burst pressure are  
The program predicted a nearly i l l u s t r a t ed  in Figures (9 )  and  ( l o ) .  
1 inear increase in muzzle velocity w i t h  increasing powder charge. 
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The i m p o r t a n t  c h a r a c t e r i s t i c  here  i s  t h e  s l o p e  o f  t h e  curve. 
computations p r e d i c t  muzzle v e l o c i t y  t o  be s e n s i t i v e  t o  powder charge 
more than any o t h e r  l o a d i n g  parameter. Diaphragm b u r s t  p ressure  
d i s p l a y s  a s t r o n g  i n f l u e n c e  a t  low values, b u t  tends t o  decrease a t  
h i g h  b u r s t  pressures.  
types of  diaphragms a r e  a v a i l a b l e  each hav ing t h e i r  own unique b u r s t  
pressure.  The .005 s t a i n l e s s  s t e e l  and .006 s t e e l  were t h e  types 
used f o r  t h e  exper iments.  
The 
From a p r a c t i c a l  p o i n t  o f  v iew o n l y  p a r t i c u l a r  
One i n t e r e s t i n g  comparison i s  i l l u s t r a t e d  i n  F igures  (11)  and 
(12) .  
charge and i n i t i a l  pump tube pressure.  The p i s t o n  v e l o c i t y  seems 
much more s e n s i t i v e  t o  a change i n  powder charge than a change i n  
pump tube pressure.  
muzzle v e l o c i t y  i s  i n f l u e n c e d  d i r e c t l y  by t h e  manner i n  which t h e  
p i s t o n  v e l o c i t y  v a r i e s .  
c i t y  t o  powder charge r a t h e r  than i n i t i a l  pump tube pressure i s  
understandable.  
I n d i v i d u a l  p o i n t s  were n o t  p l o t t e d  t o  o b t a i n  t h e  graphs d i s -  
Here maximum p i s t o n  v e l o c i t y  i s  p l o t e d  versus b o t h  powder 
As mentioned i n  Sec t ion  2.5, t h e  p r o j e c t i l e ' s  
So t h e  s t r o n g e r  dependence o f  muzzle v e l o -  
cussed i n  t h i s  s e c t i o n .  I f  ' they had, i t  would be e v i d e n t  t h a t  t h e  
computer r o u t i n e  d i d  n o t  always p r e d i c t  a smoothly v a r y i n g  curve,  
b u t  r a t h e r  a k i n d  o f  o s c i l l a t i o n  about a mean value. I n  cases where 
no smooth curve  c o u l d  be drawn through a l l  t h e  p o i n t s ,  an average 
curve  was drawn t o  r e p r e s e n t  t h e  t r e n d  o f  t h e  data.  
t h e  program t o  p r e d i c t  smooth curves i s  n o t  f u l l y  understood, b u t  
p a r t  o f  t h e  e x p l a n a t i o n  no doubt a r i s e s  f rom t h e  s i m p l i f i c a t i o n s  
Th is  f a i l u r e  o f  
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involved. 
program will predict expansions to  negative pressures. In these 
cases, i t  i s  assumed t h a t  the program i s  basically correct  u p  t o  the 
p o i n t  t h a t  negative pressures are  predicted and t h a t  i t  then continues 
w i t h  only small e r ror .  Despite these anomalies the program does n o t  
become unstable; and generally the negative pressure occurs a t  the 
project i le  base, which implies tha t  the d r i v i n g  gas has been com- 
pl e te ly  expanded (or "over-expanded") . 
For example, under cer ta in  se t s  o f  i n p u t  parameters the 
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CHAPTER IV 
DISCUSSION OF EXPERIMENTS 
4.1 General 
The experimental program was intended t o  accomplish three 9oals. 
The f i r s t  was t o  show the dependence o f  muzzle velocity on each of 
the primary loading parameters from a purely experimental approach. 
The second was t o  generate enough experimental d a t a  so t h a t  a com- 
parison with theoretical  resu l t s  could be made. The third a n d  f ina l  
qoal was t o  ident i fy  optimum loadinq parameters suggested by the 
previous experimental and  theoretical  work. 
I t  was f e l t  t h a t  the f i r s t  two goals could be accomplished by 
examining the resu l t s  from a single groun of t e s t  f i r i nqs .  
report t h i s  qroun i s  referred t o  as the "parametric t e s t s " .  Another 
short  se r ies  of g u n  f i r i ngs  were directed toward the third 9oal and 
w i l l  be referred t o  a s  the " o p t i m i z a t i o n  t e s t s " .  Before discussinq 
these various t e s t s ,  a brief description o f  the q u n  and associated 
equipiiient will he given. 
I n  t h i s  
4 . 2  Description of the Gun System 
The Texas A&M light-gas g u n  originated as a small portable 
system bu i l t  by VASA-MSC in 1967 t o  use for b o t h  simulation experi- 
ments a n d  dcnionctrations. The emphasis war on a siiial 1 portdhlc rrni t 
w h i c h  would  tw sol f-containr+d. I t  was f c l t  t h d t  simulrltionf, o f  spacc-  
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l i k e  environments would be improved i f  a l i g h t - g a s  gun cou ld  be 
brought  on s i t e  and used t o  impact  va r ious  components w i t h  h i a h  
speed p a r t i c l e s .  A t  t h e  t ime  o f  i n c e p t i o n ,  p r o j e c t i l e  v e l o c i t i e s  i n  
the  neighborhood o f  10 Km/sec were a n t i c i p a t e d .  The guo dimensions 
were chosen by s imp ly  s c a l i n g  down a l a r g e r  gun system. A f t e r  con- 
s t r u c t i o n  was complete, i n i t i a l  t e s t  shots  i n d i c a t e d  t h e  performance 
t o  be s i g n i f i c a n t l y  l e s s  than expected. As a r e s u l t ,  t h e  system was 
never  u t i l i z e d  f o r  t h e  wide ranqe o f  t e s t s  o r i g i n a l l y  planned. 
The gun c o n s i s t s  o f  f i v e  separate p a r t s  which a re  e i t h e r  screwed 
o r  b o l t e d  toge the r  d u r i n g  gun assembly. These p a r t s  a re :  
( 1 )  t h e  f i r i n g  magazine 
( 2 )  t he  powder chamber 
( 3 )  t he  pump tube 
( 4 )  
( 5 )  
t h e  h i g h  pressure  s e c t i o n ,  and 
t h e  launch tube o r  b a r r e l .  
The f i r i n g  magazine c o n s i s t s  o f  a p lunger - type  s e l o n o i d  which,  when 
t r i g g e r e d  e l e c t r o n i c a l l y ,  s t r i k e s  a f i r i n g  p i n .  The powder chamber 
p rov ides  a mounting h o l e  f o r  a .458 Magnum r i f l e  c a r t r i d g e  a long w i t h  
a nozz le  t r a n s i t i o n  i n t o  t h e  pump tube ent rance.  Both  ends o f  t h e  
pump tube are  sea led  w i t h  o - r i n q s  ad jacen t  t o  a small f eed  h o l e  
l o c a t e d  midway a lonq t h e  0.320 i n c h  d iameter  bore.  The h i q h  pressure  
s e c t i o n  prov ides  a smooth t r a n s i t i o n  f rom t h e  pump tube i n t o  t h e  
launch tube,  and i s  rugged enough t o  w i t h s t a n d  t h e  h i q h  pressures 
qenerated when the  qun i s  f i r e d .  The 9 i n c h  launch tube has an 
averaqe 0.085 i n c h  bore. The muzzle i s  iiiountcd i n t o  a f l i q h t  ranqe 
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and i s  sea led  w i t h  an o - r i n g  so t h a t  t h e  f l i g h t  range may be evacuated. 
The f l i g h t  range i t s e l f  c o n s i s t s  of a b l a s t  tank,  a 6 - f o o t  f l i g h t  
tube, and an impact  chamber. A d d i t i o n a l  i n fo rma t ion  concernincl t he  
gun system i s  g i ven  i n  Appendix A. 
Hydrogen was used as t h e  l i g h t - g a s  p r o p e l l a n t  f o r  t h e  exper i -  
ments. 
l oad  e i t h e r  Winchester o r  Remington pre-pr imed c a r t r i d g e s .  
tube p i s t o n s  were machined from 3/8 i n .  d iameter ,  t ype  F po l ye the lene  
r o d  s tock .  
Lexan po lycarbonate  r o d  s tock.  
machined on j e w e l e r  l a t h e s  t o  t h e  proper  dimensions. 
Hercu le ' s  t ype  2400 smokeless r i f l e  powder was used t o  hand 
The pump 
The p r o j e c t i l e s  were machined from 1/8 i n c h  d iameter  
Both p i s t o n s  and p r o j e c t i l e s  were 
Two types o f  diaphragms were r e q u i r e d  f o r  each gun f i r i n g .  A 
1/16 i n c h  t h i c k  d i s k  c u t  f rom p h e n o l i c  sheet  m a t e r i a l  was used t o  
separate t h e  powder chamber and pump tube. 
s t a t i c  break s t r e n g t h  o f  620 p s i .  
t o  i n s u r e  a h i g h  powder chamber p ressure  be fo re  p i s t o n  mot ion  was 
a l lowed.  As w i l l  be mentioned i n  t h e  conc lus ion ,  an i nc rease  i n  the  
s t r e n g t h  o f  t h i s  diaphraqm cou ld  have a s i g n i f i c a n t  e f f e c t  on muzzle 
v e l o c i t y .  A second meta l  diaphragm i s  l o c a t e d  between t h e  t r a n s i t i o n  
s e c t i o n  and t h e  launch tube. Th is  diaphragm c o n t r o l s  t h e  t ime  a t  
which t h e  p r o j e c t i l e  i s  re leased.  An independent s tudy  was conducted 
t o  determine the  r e l a t i v e  break s t r e n q t h  of va r ious  types o f  meta ls .  
Table I11  l i s t s  the  r e s u l t s  o f  t h i s  s tudy .  The b u r s t  pressures 
l i s t e d  a r e  h y d r o s t a t i c  va lues.  The a c t u a l  dynamic b u r s t  p ressure  
was assumed t o  be adequate ly  descr ibed by t h i s  s t a t i c  measurement. 
I t  had a measured hydro-  
The purt?ose o f  t h i s  diaphraqm was 
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By choosing one type o f  diaphragm over another some control o f  the 
tiiiie o f  projec t i le  release could be exercised. 
TABLE I I I : DIAPHRAGM BURST PRESSURES 
Diaphragm Type Average S ta t i c  
Burst Pressure 
.006 :tee1 (STL)  
.005 Stainless  STL (SS)  
.004 Zteel a l lov 
.006 Erass 
2X .006 STL 
?X .035 SS 
12,000 psi 
20,000 p s i  
6,300 psi 
11,Sr)O psi 
24,40n psi 
31 ,800 p s i  
The only g u n  instrumentation dea l t  with muzzle velocity measure- 
ment. A conventional b a l l i s t i c  screen technique was used. As the 
pro jec t i le  l e f t  the barrel i t  would break a thin s t r i p  o f  h l l i s t i c  
paper which would, in tirrn, begin a counter and t r igger  a n  oscil lo--  
scope. 
paper would be pierced by the pro jec t i le .  
counter and was displayed as a sharp chanqe i n  voltage on the scope. 
Thus a vieasure o f  the f l i q h t  time over a kiown distance could be 
otltained. J n  actual ; ) ract ice ,  the counter was found t o  he unreliable 
r 1 1 j c 1  t o  i r r v q u l o r i t i ( ~ ~ ,  in thc i  trinqcr ciqnal.  riqurc ( 1 3 )  i l l u r t r a t c c  
a typical osci 1 loscope d i i td  record. 
A t  a known distance down rnncle another s t r i p  o f  b a l l i s t i c  
T h i s  ;vent stopped the 
I t  contains a large negative 
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Figure I3 Typical Data Trace 
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pu lse  which was p resent  i n  p r a c t i c a l l y  a l l  t h e  da ta  taken.  I t i s  
f e l t  t h e  h o t  l a s e s  e x i t i n g  t h e  b a r r e l  behind t h e  p r o j e c t i l e  a r e  
res:3onsible f o r  t h i s  pu l se .  
4.3 Parametr ic  Tests 
A d e c i s i o n  had t o  be made as t o  t h e  va lues,  and ranqe o f  va lues 
t h e  v a r i o u s  l o a d i n g  parameters shou ld  take  i n  o r d e r  t o  accomplish t h e  
f i r s t  two qoa ls  o u t l i n e d  i n  Sec t i on  4.1. U n f o r t u n a t e l y ,  s t a b i l i t y  
problems delayed t h e  use o f  t h e  computer code, so t h e  cho ice  o f  a 
s t a r t i n g  p o i n t  had t o  be made w i t h o u t  kno\4ng what t h e  t h e o r e t i c a l  
r e s u l t s  would be. The parameters were chosen p r i m a r i l y  f rom a con- 
venience s tandpo in t  a lon? w i t h  scme i n i t i a l  es t imates  a t  what m iqh t  
e v e n t u a l l y  c o n s t i t u t e  t h e  optimum s e t  o f  parameters. 
The p i s t o n  mass, f o r  example, was  s e t  a t  1.5 grams f o r  t h e  
beg inn ing  o f  t h e  pa ramet r i c  t e s t s .  From the  i n fo rma t ion  i n  t h e  
l i t e r a t u r e  a long w i t h  p rev ious  t e s t s  conducted b y  NASA-FISC t h i s  
appeared t o  be a good number. 
i n c h  po lye thy lene  r o d  s tock  on a j e w e l e r ' s  l a t h e  a 1.5 qram p i s t o n  
cou ld  e a s i l y  be machined. As w i l l  l a t e r  be seen, t h i s  p a r t i c u l a r  
p i s t o n  mass was r e a l l y  t o o  low f o r  good gun performance. The powder 
charge, i n i t i a l  pump tube pressure,  and b u r s t  diaphragm pressure  were 
a l l  chosen i n  a s i m i l a r  f ash ion .  
B v  c a r e f u l l y  t u r n i n g  a s e c t i o n  of 3 /8 
The t e s t  shots  themselves were orqan ized i n t o  t e s t  " s e r i e s " ,  
each be inq  i d e n t i f i e d  by t h e  va lues chosen f o r  each Darameter. 
Table I V  q ives  a l i s t i n g  o f  each Darameter, t h e  " s e r i e s "  name, and 
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the  corresponding pa ramet r i c  va lues f o r  each s e r i e s .  
TABLE I V  PARAMETRIC TEST S E R I E S  
-- 
Ser ies  
A B C D 
Parameter Values I n v e s t i g a t e d  
- 
Diaphragm 
B u r s t  Pressure 20,000 p s i  12,000 p s i  12,000 p s i  20,990 p s i  
I n i t i a l  Pump 
Tube Pressure 50-125 p s i  50-150 p s i  50-162.5 p s i  75-150 p s i  
P i s t o n  Mass 1.5 g 1.5 g 1.5 g 1.5 
~- 
Pow de r C h a r ge 2.0 g 2.0 q 2.5 g 2.5 a 
Average Pro j e c -  
-- 
t i l e  Mass 12 m9 12 mg 12 mg 12 mS 
~ 
The r e s u l t s  o f  a p o r t i o n  of t he  t e s t  sho ts  a r e  p l o t t e d  i n  
F igures  (14)  and (15)  Only t h e  da ta  which d i s p l a y s  d e f i n i t e  t rends  
i s  p l o t t e d .  
pump tube pressure  on muzzle v e l o c i t y .  
l i t t l e  over  t h e  f u l l  range o f  pump tube pressures tes ted .  Th is  t r e n d  
i s  t y p i c a l  o f  t he  m a j o r i t y  o f  da ta  taken. I n  comparison w i t h  theo ry ,  
t h e  exper imenta l  da ta  f a i l s  t o  d i s p l a y  a s teady i nc rease  i n  v e l o c i t y  
F iqu re  ( 4 )  i l l u s t r a t e s  t h e  e f f e c t  o f  v a r y i n g  i n i t i a l  
The muzzle v e l o c i t y  v a r i e d  
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w i t h  lower  i n i t i a l  pump tube pressures.  T h i s  m igh t  be expected, how- 
ever ,  i f  c o n s i d e r a t i o n  i s  g i ven  t o  the  assumPtions used t o  o b t a i n  the  
t h e o r e t i c a l  curve.  The p is ton-compress ion process i s  assumed t o  be 
adequate ly  descr ibed as an i s e n t r o p i c  compression i n  wh ich  wave pheno- 
mea i s  neg lec ted  (See Sec t ion  2.3). As i n i t i a l  pump tube pressure  
i s  decreased t h i s  assumption becomes i n v a l i d  due t o  t h e  h i q h e r  p i s t o n  
v e l o c i t i e s  which a re  i nvo l ved .  St rong pressure  waves, even shock 
waves, can be expected as t h e  r e t a r d i n g  pressure  on t h e  p i s t o n  face  
i s  reduced thus  r e s u l t i n g  i n  h i q h e r  p i s t o n  v e l o c i t i e s .  A t h e o r e t i c a l  
iiiethod which takes i n t o  account t h e  losses  assoc ia ted  w i t h  s t r o n g  
pressure d is tu rbances  m igh t  p r o v i d e  a b e t t e r  match w i t h  t h e  e x p e r i -  
r e s u l t s .  On t h e  o t h e r  hand, a b e t t e r  cho ice  o f  l o a d i n g  para-  
than those g iven i n  Table I V  may have p rov ided  a b e t t e r  match 
i s e n t r o p i c  compression theory .  
gure (15)  i l l u s t r a t e s  t h e  i n f l u e n c e  o f  powder charge on muzzle 
y. The t e s t s  were r u n  w i t h  a s t a i n l e s s  s t e e l  diaphragm \zrhose 
As p r e d i c t e d  h y d r o s t a t i c  b u r s t  p ressure  was measured a t  20,000 p s i .  
by theo ry ,  an i nc rease  i n  powder charge produced a marked inc rease  i n  
muzzle v e l o c i t y .  
h y d r o s t a t i c  b u r s t  p ressure  was 12,000 p s i  f a i l e d  t o  d i s D l a v  a d e f i n i t e  
t rend .  
A s i m i l a r  s e r i e s  o f  t e s t s  us ing  a d i q h r a g m  whose 
However, t h e  o p t i m i z a t i o n  t e s t s ,  t o  be d iscussed i n  t h e  n e x t  
y g a i n  due t o  inc reased powder 
i n  agreement between exper iment  
oad shown i n  F igu re  (15)  i s  
exp lana t ion  m i y h t  be based on the  
sec t i on ,  a l s o  demonstrated a v e l o c i  
charge. The unexpected improvement 
and theo ry  f o r  t h e  2.5 gram po,Aider 
d i f f i c u l t  t o  e x p l a i n .  One p o s s i b l e  
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way t h e  b u r n i n g  behav io r  o f  t h e  gun powder was modeled f o r  t h e  compu- 
t e r  program (See Sect ion  3.3). 
A t  f i r s t  g lance,  t h e  f o u r  t e s t  s e r i e s  which comprise t h e  para-  
m e t r i c  s tudy seem t o  represent  a r a t h e r  modest t e s t  program. 
a t o t a l  o f  over  60 a c t u a l  gun f i r i n g s  were needed t o  qenerate t h e  
data.  Appendix B c o n t a i n s  a complete t a b l e  o f  t e s t  r e s u l t s .  The 
r e s u l t s  of  t h e  paramet r ic  t e s t s  a r e  somewhat i n c o n c l u s i v e  and, i n  
some respec ts ,  incomplete ( A  s e r i e s  o f  t e s t s  i n  which p i s t o n  mass 
a lone was v a r i e d  was n o t  performed).  
generated t o  use as a comparison w i t h  t h e o r y  and enough exper ience 
gained t o  suggest improved combinat ions o f  parameters i n  o r d e r  t o  
o b t a i n  h i g h e r  muzzle v e l o c i t i e s .  The goals  o f  t h e  t e s t s  were a t  
l e a s t  p a r t i a l l y  obta ined.  
tiowever 
However, enough da ta  was 
4.4 O p t i m i z a t i o n  Tests  
From t h e  i n f o r m a t i o n  ob ta ined d u r i n q  the  paramet r ic  t e s t s  and 
as t h e  r e s u l t s  o f  t h e  computer program hecame a v a i l a b l e ,  v a r i o u s  
parameter combinat ions appeared t o  be b e t t e r  than o t h e r s .  
o f  gun f i r i n g s  were conducted i n  an a t tempt  t o  i d e n t i f y  an optimum 
s e t  of l o a d i n g  parameters; t h a t  i s ,  parameters which would y i e l d  con- 
s i s t e n t l y  h i g h  muzzle v e l o c i t i e s .  
v e l o c i t i e s  ob ta ined from var ious  shots  d u r i n g  t h i s  exoer imenta l  
program. 
A number 
Table V c o n t a i n s  a l i s t  o f  muzzle 
The h i g h e s t  muzzle v e l o c i t i e s  were achieved by i n c r e a s i n q  bo th  
The p i s t o n  mass was inc reased f rom p i s t o n  mass and powder charqe. 
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1.5 gram used in  the e a r l i e r  parametric t e s t s  t o  a value which 
varied between 3.0 t o  5.0 grams. The trends indicated by the corn- 
?uter  program (and discussed i n  Section 3.5) led t o  the increase in 
piston mass. 
addition of a lead plug t o  the rear  por t ion  of the piston. 
( 1 G )  i l l u s t r a t e s  a typical piston both w i t h  and without the lead plug. 
The technique used t o  increase the mass was simply the 
Figure 
TABLE V MUZ7LE V E L O C I T Y  IUCREASES 
Shot Number Date Muzzle Vel oci t y  
6A 6/9/72 3,390 f t / s e c  
21 B 6/22 12,lQO 
40 C 6/29 12,300 
45D 716 13,800 
47D 716 15,200 
56 7/16 15,900 
57 711 6 16,600 
55 711 1 17,900 
59 7/16 19,000 
- -  
The 1 i t e r a tu re  , theoretical  rcsul t s  , and early experiments a1 1 
seemed t o  indicate a strong influence of powder charge on muzzle 
velocity. 
2.5 grams used in the parametric tes t s  t o  3.0 t o  3.5 grams f o r  the 
Therefore the powder charge was increased from the 2.0 t o  
Machined From 3/8 in. Diameter Polyethelene Rod 
( a )  Unweighted 
NC 1/4-24 THREADS 
LEAD PLUG PISTON {see above) 
ASSEMBLED 
(b) Weighted 
NOTE: ALL DIMENSIONS ARE IN INCHES. 
Figure 16 Typical Piston Configurations 
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o p t i m i z a t i o n  s tudy.  Un fo r tuna te l y ,  p ressure  leaks  a t  
pump tube accompanied t h i s  r i s e  i n  powder charge. blh 
powder charge y i e l d e d  a h i g h e r  v e l o c i t y ,  t h e  i nc rease  
r e a r  o f  t h e  
nc reas i  ng 
t o  oowder 
loads a t  o r  above 3.5 grams were n e g l i g i b l e  because o f  t h e  leakage. 
I t  was found t h a t  t h e  v e l o c i t y  was h i g h e r  a t  h i a h  i n i t i a l  pump 
tube pressures.  
i n i t i a l  hydrogen pressure  o f  150 ps ia .  
pressures b u t  t h e  r e s u l t s  showed a decrease i n  muzzle v e l o c i t y  i n -  
s tead of t he  i nc rease  p r e d i c t e d  by  theo ry .  
p o s s i b l e  shortcomings o f  t h e  theo ry  a re  d iscussed i n  Sec t i on  4.3 
however o t h e r  exp lana t ions  may be o f f e r r e d  by n o t i n q  sources o f  ex- 
per imenta l  e r r o r s .  
The h i g h e s t  muzzle v e l o c i t i e s  were recorded a t  an 
Shots were conducted a t  lower  
An exp lana t ion  based on 
4.5 Exper imenta l  F r r o r  
A s i g n i f i c a n t  spread i n  exper imenta l  da ta  has been i n h e r e n t  i n  
the  m a j o r i t y  of r e p o r t s  d e a l i n g  w i t h  l i q h t - g a s  gun performance. The 
da ta  ob ta ined  d u r i n g  t h e  pa ramet r i c  t e s t s  o f  t h i s  r e p o r t  a l s o  d i s -  
p layed a wide v a r i a t i o n  d e s p i t e  ca re fu l  a t t e n t i o n  t o  c o n t r o l  t he  
l o a d i n g  parameters i nvo l ved .  To oresent  a f u l l  d i scuss ion  o f  t h e  
experiments comments on p o s s i b l e  sources o f  exper imenta l  e r r o r  a re  
requ i  red .  
Poss ib le  e r r o r s  can be assoc ia ted  w i t h  bo th  t h e  qun i t s e l f  and 
the  techniques used i n  o b t a i n i n g  the  data. Perhaps the  most o rgan ized 
way t o  d iscuss e r r o r s  assoc ia ted  w i t h  t h e  gun i s  t o  l i s t  some o f  t h e  
more obv ious ones separa te l y ;  
t h e  
l e  
due 
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( 1 )  Powder Chamber Leakaqe - Leakaqe a t  t he  powder chamber puinp 
tube * j unc t i on  was a se r ious  problem i n  a number o f  t he  t e s t  sho ts  con- 
ducted. 
were used. Th is  leakage a l t e r s  the  pressure  h i s t o r y  on t h e  p i s t o n  
base and t h e r e f o r e  a f f e c t s  t h e  p i s t o n  v e l o c i t y .  As has been mentioned 
p r e v i o u s l y ,  t h e  muzzle v e l o c i t y  i s  s t r o n g l y  dependent on t h e  manner i n  
whi cti t he  p i s t o n  v e l o c i t y  changes. No e f f o r t  was made t o  quan t i  t a -  
t i v e l y  p r e d i c t  t h e  changes i n  muzzle v e l o c i t y  due t o  powder chamber 
p ressure  leaks .  However, i n  those shots  i n  which leakaae occur red  
the  r e s u l t i n g  muzzle v e l o c i t y  was always lower  than i n  s i m i l a r  sho ts  
w i t h o u t  leakaqe. 
Th is  was e s p e c i a l l y  t r u e  when 3.0 o r  more grams o f  clunpowder 
(2) L i g h t  Gas Contaminat ion - Contamination o f  t h e  l i g h t  gas 
can occur  f rom e i t h e r  d e t e r i o r a t i o n  o f  t h e  qun w a l l  due t o  h i g h  clas 
temperatures o r  leakage of t h e  powder gases p a s t  t h e  p i s t o n  d u r i n g  
the  Durnpinq cyc le .  
t h i s  source of contaminat ion  i s  p robab ly  n e q l i q i b l e .  The w a l l  i s  
exposed t o  ve ry  h i g h  temperatures f o r  o n l y  an ex t remely  s h o r t  p e r i o d  
o f  t ime.  Examination of t h e  gun from sho t  t o  sho t  showed no v i s i b l e  
s iqns  o f  w a l l  d e t e r i o r a t i o n .  Leakage o f  heavy powder gases p a s t  t h e  
p i s t o n  i s  t he  most p robab ly  source o f  contaminat ion.  
Oowder was observed on t h e  f l i q h t  range w a l l s  f o l l o w i n q  each sho t .  
Reference 14 r e p o r t s  a s i m i l a r  p i s t o n  leakage problem which s e r i o u s l y  
deqraded 1 i gh t -gas  gun performance. 
Whi le  d e t e r i o r a t i o n  of t h e  gun w a l l  c o u l d  occur, 
A f i n e ,  b l a c k  
( 3 )  F l u c t u a t i o n  i n  Diaphraam B u r s t  Pressure - I t  was found 
d u r i n g  t h e  h y d r o s t a t i c  b u r s t  t e s t s  (See Sec t ion  4 .2 )  t h a t  a m r t i c u l a r  
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type  o f  diaphragm f a i l e d  t o  break a t  t h e  same pressure  l e v e l  f rom t e s t  
t o  t e s t .  For  example, t h e  t e s t s  f o r  t h e  0.006 s t e e l  y i e l d e d  b u r s t  
pressures f rom 11,300 p s i  t o  12,600 p s i  a d i f f e r e n c e  o f  over  1000 p s i .  
P a r t  o f  t h i s  v a r i a t i o n  can be a t t r i b u t e d  t o  exper imenta l  e r r o r ,  b u t  
i t  seems these t e s t s  demonstrate t h a t  a c e r t a i n  v a r i a t i o n  i n  p ressure  
l e v e l  a t  which a q i ven  type  o f  diaphragm w i l l  b u r s t  shou ld  be ex- 
pected. The e f f e c t  on muzzle v e l o c i t y  f rom t h i s  v a r i a t i o n  i s  minor .  
As was mentioned i n  Sec t i on  2.5, t h e  diaphraqm e f f e c t s  muzzle ve lo -  
c i t y  by c o n t r o l l i n q  t h e  t i m e  a t  which t h e  o r o j e c t i l e  i s  re leased.  
The diaphragm breaks d u r i n g  a sharp r i s e  i n  p ressure  and 
smal l  v a r i a t i o n  i n  break s t r e n g t h  shou ld  n o t  s i g n i f i c a n t  
t he  t ime a t  which the  diaphragm b u r s t s .  
The techn ique used t o  o b t a i n  da ta  p rov ided  an a d d i t  
thus 
y i n f  
a 
uen ce 
onal  source 
o f  exper imenta l  e r r o r .  The use of  b a l l i s t i c  screens i s  an e s t a b l i s h e d  
procedure \ v i  t h  which t o  measure muzzle v e l o c i t y .  However, s i n c e  t h e  
p r o j e c t i l e  must impact each screen d u r i n g  f l i g h t ,  an energv loss can 
be assoc ia ted  w i t h  t h i s  technique.  Th is  l o s s  becomes more s i g n i f i -  
can t  as t h e  mass o f  t h e  p r o j e c t i l e  decreases. A t y p i c a l  p r o j e c t i l e  
mass used f o r  t h i s  s tudy  was on t h e  o r d e r  o f  10 mg. The energ,y loss 
due t o  t h e  b a l l i s t i c  screen techn ique cou ld  have s e r i o u s l y  a f f e c t e d  
the  accuracy o f  t h e  v e l o c i t y  measurements. 
p rev ious  v e l o c i t y  measurements ob ta ined  by NASA-YSC us ing  h i g h  speed 
camera techniques,  t h e  v e l o c i t y  measurements used f o r  t h i s  r e p o r t  
\qere shown t o  f a l l  w i t h i n  the  same range o f  va lues.  
r e l a t i o n  cou ld  be tilade due t o  d i f f e r e n c e s  i n  l o a d i n g  parameters used. 
t!owever by  n o t i n g  some 
No d i r e c t  co r -  
58 
than 0.5 t o r r  f o r  a l l  
drag r e d u c t i o n  o f  the  
l e s s  than 10 f t / s e c .  
screens were broken, 
f l i g h t ;  b u t  t h i s  tumb 
f l u e n c e  on t h e  f l i g h t  
The r e f e r e n c e  d i s t a n c e  between screens must a l s o  be chosen so as 
t o  n o t  exceed t h e  r e s o l u t i o n  o f  t h e  t i m e  measurement equipment. 
t h i s  s tudy a r e f e r e n c e  d i s t a n c e  o f  7.0 ft. was chosen which prov ided 
t y p i c a l  f l i g h t  t imes rang ing  f rom 300 t o  600 psec, w e l l  w i t h i n  the  
r e s o l u t i o n  o f  t h e  counter  and o s c i l l o s c o p e s  used. 
I n  
F i n a l l y ,  a comment on t h e  e f f e c t  o f  aerodynamic drag on t h e  
p r o j e c t i l e  w i l l  be discussed. The f l i g h t  range was evacuated t o  l e s s  
t h e  t e s t  shots  conducted, and c a l c u l a t i o n s  o f  
p r o j e c t i l e ' s  v e l o c i t y  showed a decrease o f  
Based on t h e  manner i n  which t h e  b a l l i s t i c  
ed d u r i n g  
g i b l e  i n -  
t d i d  appear t h a t  t h e  p r o j e c t i l e  tumb 
i n g  e f f e c t  was assumed t o  have a negl  
t ime between screens. 
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CHAPTER V 
CONCLUSION 
Several conclusions may be drawn concernina the overall per- 
formance of the par t icular  gun .  Low muzzle veloci t ies  r e l a t ive  
t o  other operational liqht-qas quns  have been predicted u t i l i z -  
inq the principal of isentropic compression of the dr iver  qas. 
Since these veloci t ies  a re  a lso achieved exDerimentally, i t  may 
be concluded t h a t  the q u n  underqoes a nearly isentropic compres- 
sion process durinq the launch cycle. 
The highest muzzle veloci t ies  reported by other guns are  
achieved by a shock compression process. 
of fixed g u n  geometry, modest increases in velocity could be 
achieved by selectinq the appropriate loading parameters t o  
cause shock compression o f  the l i gh t  qas. 
Vithin the constraint  
T h r o u g h o u t  the report the c r i t e r i a  for  qood performance has 
been implied t o  be h i a h  muzzle velocity. T h i s  is n o t  always true 
in other q u n  applications.  For example, l imitina pro jec t i le  base 
Dressure miqht be more important t h a n  obtaininq maximum velocity 
in order t o  insure s t ructural  in teqr i ty  of the pro jec t i le .  The 
resul ts  demonstrate t h a t  a s ian i f icant  ranrle of muzzle veloci t ies  
can be obtained th rouah  proper choice of loading parameters. 
This report adequately describes the performance charac te r i s t ics  
of the Texas A&M liqht-qas gun  up  t o  muzzle veloci t ies  in the 
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neighborhood o f  18,000 f t / s e c .  
c o u l d  extend t h e  range t o  even h i g h e r  muzzle v e l o c i t i e s .  
Recommendations a r e  made which 
One o f  t h e  f i r s t  e f f o r t s  i n  f u t u r e  work should be t o  e i t h e r  
e l i m i n a t e  o r  min imize  t h e  exper imenta l  e r r o r s  commented on i n  
t h e  ureceding s e c t i o n .  The powder gas leakaqe problem c o u l d  no 
doubt be reduced throuqh exper imenta t ion  w i t h  var ious  s e a l i n q  
techniques. I t  has been suggested, f o r  example, t h a t  a deformable 
washer made f rom a s o f t  m a t e r i a l  such as  l e a d  m i q h t  improve t h e  
powder chamberpump tube s e a l .  I n  a d d i t i o n ,  t h e  uas leakage suspected 
across t h e  p i s t o n  m i g h t  be e l i m i n a t e d  through exper imenta t ion  w i t h  
var ious  more s o p h i s t i c a t e d  p i s t o n  designs. F iqure  17 i l l u s t r a t e s  
a few p i s t o n  c o n f i g u r a t i o n s  which c o u l d  be t e s t e d .  
A t  p resent ,  a p l a n  t o  n s t a l l  a v e l o c i t y  measurement system 
which does n o t  r e l y  on phys c a l  i n t e r r u p t i o n  o f  t h e  p r o j e c t i l e ' s  
f l i g h t  i s  be ina c a r r i e d  o u t  
screen technique used f o r  t h i s  s tudy d i d  n o t  i n t r o d u c e  s e r i o u s  
exper imen ta l  e r r o r s ,  i n s t a l l a t i o n  o f  t h i s  new system should e n t i r e l y  
e l i m i n a t e  t h e  problem. The technique proposed c o n s i s t s  o f  a l a s e r  
l i g h t  source which i s  used t o  p r o j e c t  l i q h t  "screens" across t h e  
p r o j e c t i l e  f l i q h t  path.  As t h e  screens a r e  i n t e r r u p t e d  a h i o h  
speed counter  w i l l  r e c o r d  t h e  t i m e  o f  f l i g h t  over  a known d is tance.  
Despi te  t h e  f e e l i n q  t h a t  t h e  b a l l i s t i c  
A more b a s i c  improvement m i g h t  be p o s s i b l e  throuah e f f o r t s  
t o  a d j u s t  t h e  n a t u r e  o f  t h e  p i  ston-compression process exper ienced 
d u r i n g  t h e  launch c y c l e .  As has been mentioned i n  var ious  s e c t i o n s  
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NOTE: ALL DIMENSIONS ARE IN INCHES. 
( a  1 Conventional 
(b) Taper, Expandable Base 
( c )  Taper, Washer Seal 
SOFT ALUMINUM 
Figure 
d )  Two Piece, O-Ring Seal 
7 Proposed Piston Designs; 
62 
of th i s  repor t ,  t h i s  process can be characterized as e i ther  an 
isentropic compression or a shock compression. The resu l t s  of 
t h i s  report suggest t h a t  the g u n  i s  n o t  operating e f f i c i en t ly  
as e i ther  an isentropic o r  shock compressor. Increasinq the 
average piston velocity would resu l t  in hiqher reservoir pres- 
sures and temueratures due to shock compression. 
the performance of an isentropic compression cycle,  a larger  com- 
pression r a t io  would be required. This implies a lonqer pump 
tube which, under the constraint  of workinq with existing gun  com- 
ponents, cannot be obtained. Efforts t o  operate the existing 
configuration as a shock compressor i s  f e l t  t o  deserve future  
work. 
i s  one obvious way in which th i s  could be accomplished. 
To increase 
Raising the burst strength of the powder chamber diaphragm 
63 
RE FE RENCES 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Se ige l  , A. E. , "The Theory o f  High Speed Guns," Agardograph 
91, May 1965, NATO Advisory Group f o r  Aerospace Research and 
Development. 
Berggren, R .  E. and Reynolds, R. M., "The Light-Gas Gun Model 
Launcher , I '  B a l l  i s  t i  c-Range Technology , Agardograph 183 , August 
1970, Chapter 2, pp. 9-56. 
Glass , I .  I. , "Hyperveloc i  ty Launchers , P a r t  2: Compound 
Launcher-Dr iv ing Techniques ,I' UTIAS No. 26 , Dec. 1965, I n s t i t u t e  
f o r  Aerospace Studies , U n i v e r s i t y  o f  Toronto.  
Char ters ,  A. C. ,  Denardo, B. P., and ROSSOW,  V. J . ,  "Develop- 
iiient o f  a Piston-Compressor T.ype Light-Gas Gun f o r  the  Launching 
o f  F r e e - F l i g h t  Models a t  Hiqh Ve loc i ty , "  NACA TN 4143, Nov. 1957, 
Ames Aeronaut ica l  Laboratory ,  Y o f f e t t  F i e l d ,  C a l i f .  
Baer, P. G .  and Smith, H .  C., " I n t e r i o r  B a l l i s t i c s  of Hyper- 
v e l o c i t y  P r o j e c t o r s  Inst rumented Light-Gas Gun and T r a v e l i n g  
Charge Gun," Proceedings o f  t h e  F i f t h  Symposium on Hypervelo- 
c i t y  Impact, USA, UASF, and USN, Vol. 1,  P a r t  1 , A p r i l  1962, 
pp. 53-77. 
Baer, P. G. and Smith, H.  C. ,  "Exper imental  and T h e o r e t i c a l  
S tud ies  on t h e  I n t e r i o r  B a l l i s t i c s  o f  Light-Gas Guns," 
Proceedings o f  t h e  S i x t h  Symposium on Hyperve loc i  t y  Impact,  
USA, USAF, and USN, '101. 1 , August 1963, p p .  41-105. 
P i a c e s i  , R . ,  Gates, 0. F . ,  and S e i g e l ,  A. E. , " A  Computer 
Ana lys is  o f  Two-Stage Hyperveloc i  ty  Model Launchers , I '  NOLTR 
62-87, Feb. 1963, N.O.L., Y h i t e  Oak, Yary land.  
C o l l i n s ,  D. J . ,  Charters ,  A. C., Christman, D. R., Sangster,  
D. K .  , "Parametr ic  S tud ies  o f  Light-Gas Guns , ' I  Proceedings 
o f  the F i f t h  H y p e r v e l o c i t y  Techniques Symposium, U n i v e r s i t y  of  
Denver, Vol .  2, March 1967, pp. 1-34. 
P o r t e r ,  C .  D. ,  S w i f t ,  t!. F., and F u l l e r ,  R .  H., "Summary o f  
VRL Hyperve loc i  t y  A c c e l e r a t o r  Development , I '  Proceedings of 
the  F i f t h  Symposium on H y p e r v e l o c i t y  Impact, - USA, USAF, and 
IJSN, Vol .  1, P a r t  1, A p r i l  1962, pp. 23-52. 
Stephenson, W. 13. and Anderson, D.E. , "Two-Staqe Liqht-Gas 
Model Launchers , I '  Aerospace Fnqineer inq,  Vol. 21, Yo. 8, 
AUqust 1962, 111'. 64-65.  
11 tleiney, 0. K.  , " S i m p l i f i e d  I n t e r i o r  B a l l i s t i c s  o f  P r o p e l l a n t -  
Actuated Devices," SPS 37-43, Vol. I V Y  Feb. 1967, J.P.L., 
Pasadena, C a l i f . ,  pp. 167-170. 
12 tieiney, 0. K., "Pressure and Dens i ty  Gradients i n  P r o p e l l a n t  
Gases," SPS 37-44, Vol. I V ,  A p r i l  1967, J.P.L., Pasadena, 
C a l i f . ,  pp. 87-91. 
13 Sutton, G. P., - Rocket -- Propu ls ion  - --' Elements 3 rd  ed., Wiley, 
New York, 1967, pp. 336-337. 
14 Baker, J. R. ,  "Light-Gas Gun Performance: T h e o r e t i c a l  Ana lys is  
and Experimental Compari son , I '  Proceedings of t h e  Seventh 
H y p e r v e l o c i t y  Impact Symposium, USA, USAF, and USN, Vol. 1, 
Feb. 1965, pp. 23-44. 
65 
APPENDIX A 
THE TEXAS A&M U N I V E R S I T Y  LIGHT-GAS 
GUN FACILITY 
The Texas A&M U n i v e r s i t y  (TAMU) l i g h t - g a s  gun was b u i l t  by 
NASA-MSC i n  1967 as a smal l  p o r t a b l e  system f o r  bo th  s i m u l a t i o n  
experiments and demonstrat ions. 
p r o j e c t i l e  v e l o c i t i e s  o f  10 Km/sec were a n t i c i p a t e d ;  b u t  i n i t i a l  
t e s t  shots i n d i c a t e d  the  performance t o  be s i g n i f i c a n t l y  l e s s  than 
expected. As a r e s u l t  t h e  gun was never u t i l i z e d  by NASA-MSC f o r  
t h e  wide range o f  t e s t s  o r i g i n a l l y  planned. 
A t  the t ime o f  i t s  i n c e p t i o n ,  
The gun a long w i t h  suppor t ing  equipment was loaned t o  Texas 
A&M U n i v e r s i t y  by NASA-MSC f o r  use under NASA Grant NGR 44-001-106. 
I n s t a l l a t i o n  of t h e  gun was completed i n  January 1972, a t  t he  Texas 
Engineer ing Experiment S t a t i o n  (TEES) Hyperve loc i t y  Laboratory.  
P r i n c i p a l  i n v e s t i g a t o r  f o r  gun research and d i r e c t o r  o f  t h e  Hyper- 
v e l o c i t y  Labora tory  i s  D r .  James L. Rand, Assoc ia te  Professor of 
Aerospace Engineer ing.  
The gun f a c i l i t y  may be conven ien t l y  d i v i d e d  i n t o  t h r e e  sub- 
systems: t h e  gun system, t h e  c o n t r o l  system, and t h e  ins t rumenta-  
t i o n  system, as shown i n  F igures  4-1 and A-2. The f i r s t  i nc ludes  
t h e  phys i ca l  components o f  t h e  gun and f l i g h t  range as w e l l  as t h e  
components used f o r  gun mounting and al ignment.  The c o n t r o l  system 
inc ludes  the gas supp l i es ,  pressure r e g u l a t o r s ,  and e l e c t r i c a l  
c i r c u i t s  conta ined i n  t h e  c o n t r o l  console; w h i l e  t h e  i ns t rumen ta t i on  
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system i n c l u d e s  t h e  o s c i l l o s c o p e s ,  b a l l i s t i c  screens, pressure 
gauges, and v a r i o u s  o t h e r  equipment used t o  a c q u i r e  data.  
The gun c o n s i s t s  o f  s i x  p r i m a r y  p a r t s ,  as shown i n  F i g u r e  A-1. 
These a r e  ( 1 )  t h e  f i r i n g  magazine, ( 2 )  t h e  powder chamber, ( 3 )  t h e  
pump tube, ( 4 )  t h e  h i g h  pressure sec t ion ,  ( 5 )  t h e  launch tube, and 
( 6 )  t h e  f l i g h t  range. 
threaded so t h a t  i t  may be screwed onto  t h e  end o f  t h e  powder cham- 
ber ,  c o n s i s t s  o f  an e l e c t r o n i c a l l y  t r i g g e r e d  p lunger - type  s o l e n o i d  
which s t r i k e s  t h e  f i r i n g  p i n .  The c y l i n d r i c a l  s t a i n l e s s  s t e e l  powder 
chamber has a removable .458 magnum c a r t r i d g e  h o l d e r  f o l l o w e d  by a 
nozz le  which converges t o  t h e  pump tube diameter.  F o l l o w i n g  t h e  
powder chamber i s  an 18 i n c h  l o n g  pump tube which has a s l i g h t l y  
tapered bore  beg inn ing  a t  0.332 i n .  a t  t h e  powder chamber j u n c t i o n  
and decreases t o  0.310 i n .  a t  t h e  h i g h  pressure s e c t i o n  entrance. 
Midway a long t h i s  pump tube i s  a smal l  feedhole f o r  t h e  t r a n s f e r  o f  
gases between t h e  c o n t r o l  console and t h e  pump tube. 
t h e  pump tube a r e  sealed w i t h  O-r ings d u r i n g  gun assembly. 
The f i r i n g  magazine, which i s  i n t e r n a l l y  
Both ends o f  
The h i g h  pressure s e c t i o n  which prov ides  a smooth t r a n s i t i o n  f rom 
t h e  pump tube bore down t o  t h e  launch tube bore, i s  b o l t e d  between 
t h e  pump tube and t h e  launch tube through t h e  use o f  two l a r g e  c o l l a r s .  
The h i g h  pressure s e c t i o n s ' s  bore d iameter  begins equal t o  t h a t  o f  
t h e  pump tube, which cont inues f o r  2 inches,  and then e n t e r s  a 1/2 
inch ,  smoothly contoured nozz le  (sometimes r e f e r r e d  t o  as an "aero- 
dynamic" n o z z l e )  which converges t o  t h e  launch tube bore s ize .  A 
1 1 /2  i n .  bore  s e c t i o n  connects t h e  nozz le  w i t h  t h e  h i g h  pressure 
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s e c t i o n  launch tube j u n c t i o n .  
launch tube end i s  used t o  s e a t  t h e  metal  diaphragm which c o n t r o l s  
the  p r o j e c t i l e  r e l e a s e  pressure.  
0.005-0.006 i n .  s t e e l  o r  s t a i n l e s s  s t e e l .  The launch tube i s  9 
inches long,  and a l s o  has a s l i g h t l y  tapered bore which e x i t s  i n t o  
t h e  f l i g h t  range w i t h  a 0.078 i n .  d iameter.  
c ludes a b l a s t  tank,  a 6 f o o t  f l i g h t  tube and an impact  chamber. 
The b l a s t  tank  prov ides  a l a r g e  volume i n t o  which t h e  h i g h  pressure 
gas t r a i l i n g  t h e  p r o j e c t i l e  may expand. 
p o r t h o l e s  which may be covered w i t h  e i t h e r  g l a s s  windows o r  aluminum 
bulkheads. 
evacuat ion o f  t h e  range b e f o r e  f i r i n g  t h e  gun. 
which permi ts  s e p a r a t i o n  o f  a s a b o t - p r o j e c t i l e  combinat ion,  leads  t o  
the  impact  chamber which has an observa t ion  p o r t  on e i t h e r  s ide .  
The chamber end p l a t e  has f o u r  threaded studs which p r o v i d e  suppor t  
f o r  gun i n s t r u m e n t a t i o n  and t h e  specimen t o  be impacted. 
t h e  end p l a t e  has f o u r ,  pressure-sealed,  e l e c t r i c a l  feed through 
t e r m i n a l s .  The chamber has an i n s i d e  d iameter  o f  4 1/4 inches and 
an 11 1/2 i n c h  l e n g t h .  F i g u r e  A-3 s u p p l i e s  t h e  c r i t i c a l  gun dimen- 
s ions .  
Both ends a r e  O- r ing  sealed, and t h e  
These diaphragms a r e  n o m i n a l l y  
The f l i g h t  range i n -  
On e i t h e r  s i d e  a r e  two 
A pressure t a p  through one w a l l  o f  t h e  b l a s t  tank  permi ts  
The f l i g h t  tube, 
I n  a d d i t i o n  
The 9un c o n t r o l  system i s  c o n s o l i d a t e d  w i t h i n  t h e  c o n f i n e s  o f  a 
p o r t a b l e  c o n t r o l  console.  Three L inde type R gas c o n t a i n e r s ,  which 
a r e  mounted a long t h e  back w a l l  o f  t h e  console,  s t o r e  t h e  hydrogen, 
n i t r o g e n ,  and he l ium used d u r i n g  normal gun opera t ions .  A p i p i n g  
network enables t h e  t r a n s f e r  o f  gases t o  e i t h e r  t h e  pump tube o r  
69 
m 
a 
range o r  a l l o w s  v e n t i n g  t o  t h e  atmosphere. 
network of p i p i n g  va lves  and gauges used f o r  c o n t r o l l i n g  t h e  gas 
f low.  A Welch 1/3 horsepower, model 1400, mechanical vacuum pump 
i s  p a r t  of  t h e  system which permi ts  evacuat ion o f  t h e  f l i g h t  range 
and pump tube. F i g u r e  A-5 i l l u s t r a t e s  t h e  nominal performance o f  
the  pump d u r i n g  evacuat ion o f  t h e  f l i g h t  range. 
McLeod guage, which can sense pressures and be read f rom 150 t o r r  
t o  0.001 t o r r ,  has been used t o  m o n i t o r  f l i g h t  range pressures t o  
as low as 0.2 t o r r  (200 microns) .  
F i g u r e  A-4 d e p i c t s  t h e  
A h i g h  vacuum 
E e c t r i c a l  c o n t r o l  o f  t h e  gun i s  exerc ised through t h e  c i r c u i t  
shown n F i g u r e  A-6. A " f i r e  c o n t r o l "  c i r c u i t ,  l o c a t e d  i n  t h e  m i d d l e  
of t h e  f i g u r e ,  prevents  t r i g g e r i n g  o f  t h e  f i r i n g  s o l e n o i d  u n t i l  a 
s a f e t y  s w i t c h  i s  opened. 
a l lowed t o  d ischarge i n t o  t h e  so lenoid.  Th is  p rov ides  an a d d i t i o n a l  
s a f e t y  fea ture  i n  t h a t  t h e  gun cannot be r e - f i r e d  u n t i l  t h e  s a f e t y  
s w i t c h  i s  c losed which a l l o w s  t h e  c a p a c i t o r  t o  re-charge. 
When t h e  gun i s  f i r e d  a c a p a c i t o r  bank i s  
Gun i n s t r u m e n t a t i o n  has been p r i m a r i l y  used t o  o b t a i n  a c c u r a t e  
The system u t i l i z e d  em- p r o j e c t i l e  v e l o c i t y  measurements thus  f a r .  
p l o y s  two b a l l i s t i c  screens, p o s i t i o n e d  a known d i s t a n c e  a p a r t ,  a long 
t h e  a n t i c i p a t e d  f l i g h t  p a t h  o f  t h e  p r o j e c t i l e .  
o f  a s t r i p  o f  paper which has a cont inuous p r i n t e d  c i r c u i t  on one 
s ide .  As t h e  p r o j e c t i l e  p i e r c e s  t h e  s t r i p ,  t h e  c i r c u i t  i s  broken, 
thereby p r o v i d i n g  a s i g n a l  which may be d i s p l a y e d  on an o s c i l l o s c o p e  
o r  may be used t o  s t a r t  o r  s t o p  an e l e c t r o n i c  counter .  
a t  t h e  H y p e r v e l o c i t y  Labora tory  inc ludes  t h e  replacement o f  t h e  
Each screen c o n s i s t s  
Fu ture  work 
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b a l l i s t i c  paper screens by " l igh t"  screens eminating from a l a se r  
l igh t  source. The principle i s  basically the same as  w i t h  the 
b a l l i s t i c  paper; however, under the new system, the pro jec t i le  
interrupts a stream of l i gh t  rather than  hav ing  to  physically impact 
paper s t r i p s .  The following equipment i s  available f o r  gun instru-  
mentation and for  support of the f a c i l i t y  as a whole: 
3-Hewlett-Packard Model 141A Osci 1 loscopes 
1-Tektronix Model 7504 Oscilloscope 
3-Hewlett-Packard Model 1402A Dual Trace Amplifiers 
2-Hewlett-Packard Model 1420A Time Bases 
1-Hewlett-Packard Model 1421A Time Base & Delay Generator 
2-Te ktron i x Model 7A12 Dual Trace Amp1 i f  i e r s  
1-Tektronix Model 7650 Time Base 
1-Tektronix Model 7651 Time Base & Delay Generator 
1-Datapluse Model lOlA Pulse Generator 
1-Beckman Universal EPUT a n d  Timer Model 7360 JR 
1 -CMC Frequency-Period Counter Model 203A 
1 -Hewlett Packard Model 5302A Universal Counter 
2-Hewlett Parckard Model 461A Wide Band Amplifiers 
1-Spectral Physics - 1 / 2  mill iwatt  l aser  
1 -Sartorius Model 2401 Laboratory Balance 
1-Hewlett Packard Model 197A Oscilloscope Camera 
1 -Tektronix Model c-12 Oscilloscope Camera 
1-6" Lathe with 48" bed 
1-Derbyshire Jewelers Lathe 
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EXPERIMENTAL RESULTS 
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APPENDIX C 
0. K .  CODE NOMENCLATURE AND PRINTOUT 
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PROGRAM NOMENCLATURE 
ACEL 
ALEA 
ALGT 
AREA 
BARE 
BAR1 
B D I  S 
BETA 
BL I S  
B LTA 
BP 
CH G 
CPEG 
C P I C  
CP LG 
CP RS 
cv L 
CVOL 
DAN 
DELTA 
DFLG 
D I N  
FJLIIT 
Acce le ra t i on  o f  t h e  p i s t o n  
Cross-sect ional  area o f  b a r r e l  
Acce le ra t i on  o f  t he  p r o j e c t i  1 e 
Cross-sec t iona l  area o f  pump tube 
Burn ing area o f  p r o p e l l a n t  ( p r o p e l l a n t  types 1,2,4,5) 
Burn ing  area o f  p r o p e l l a n t  ( p r o p e l l a n t  t ype  3 )  
P i  s ton  t r a v e l  
Heat l o s s  c o e f f i c i e n t  f o r  powder gas 
P r o j e c t i  1 e t r a v e l  
Heat l o s s  c o e f f i c i e n t  f o r  l i q h t  gas 
Mass o f  p r o p e l l a n t  burned 
I n i t i a l  powder charge we igh t  
P r o j e c t i l e  base pressure 
P r o j e c t i l e  muzzle v e l o c i t y  
Average l i g h t  gas pressure 
Average powder gas pressure 
Covolume ( Q )  f o r  l i q h t  gas 
Powder chamher volume 
Diameter f o r  b a l l  t ype  p r o p e l l a n t  
T i  me increment 
“6” f a c t o r  f o r  l i g h t  gas 
Propel lant ,  q r a i n  i n s i d e  diameter 
I ’ i s t o n  v e l o c i t y  
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DOT 
DF DT 
DPLC 
DTDT 
r FN 
F I M P  
FI'U 
FVOL 
G '\M>A 
G I N  
GYLG 
G AI 
S R I 6  
HCPP 
tIGRL 
Hs? ID 
t 'GIP 
& I T  
HCiTV 
HGM 
HGSFI 
HLGP 
J PT 
P I T  
PFAC 
Propellant grain outside diameter 
Pressure slope in powder gas 
Pressure slope in l i qh t  gas 
Temperature slope in l i qh t  gas  
Effective or psuedo mass 
Impetus of powder propel lan t  
Fraction o f  propellant burned 
"Free" volume o f  nowder gas 
Specific heat r a t i o  of powder gas  
I n  i t i  a1 powder gas dens i t y  
Specific heat r a t io  of l i g h t  gas 
Powder qas density 
Number of propellant grains 
Peak pressure i n  powder gas 
Barrel 1 e q t h  
In i t i a l  l i g h t  Cas density 
I n i t i a l  l i g h t  g a s  pressure 
I n i t i a l  l i qh t  g a s  ternpcrature 
In i t i a l  l i gh t  ?as volume 
Mass of l i q h t  g a s  
l.!eiglit of pro jec t i le  
Light qas peak pressure 
Ident i f ies  propellant type 
1.5,  empirical correction factor  
" d "  factor for  powder qas 
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PLGR 
PREX 
F’RS 
PS L 
PSY 
RFST 
RH 0 
RTF 
4 U N  
SLlBPR 
SCPRS 
S tt OT 
TI ME 
TF 
TLGS 
TYPE 
UBW 
VEE 
V E L 1  
V E L 2  
VL E 
V L G  
VLGS 
W rB 
WMA L 
Jsentropic pressure r a t i o  i n  l i g h t  gas 
Piston base pressure 
Array of powder chamber pressures 
E array fo r  l i gh t  gas 
6 array f o r  powder gas 
Diaphragm burst pressure or  pro jec t i le  release pressure 
Propellant weight density 
Universal gas constant (Units = f t  - lbf/lbmole 
Pump tube length 
Powder diaPhraqm burst pressure or  piston release pressure 
I n i t i a l  powder chamber pressure 
Piston mass 
Elapsed time 
Flame temperature o f  propellant 
Average l i gh t  gas temperature 
O u t p u t  array t o  write propellant name 
Unburned propellant volume 
Velocity array fo r  nowder qas 
01 d :)i ston velocity 
New p i  ston velocity 
Vel oci t y  array for  1 i q h t  gas 
u 0 
Project i 1 e vel oci ty 
gas  volume Liqht 
Prope 
Liclht 
l an t  grain t h  
qas riiol ecul ar 
c knes s 
wei q h t  
83 
bJM!IL = Powder gas molecular weight 
XLIY = Length o f  propellant grain 
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